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PREFACE 


This revision has the same objective as the earlier edition—to present 
a simple yet rigorous approach to the fundamentals of thermodynamics 
and heat transfer aimed directly at engineering applications. 

It is the experience of the authors that most students do not under¬ 
stand thermodynamics because of the confusion arising from the number 
of concepts and equations that may be presented in the earlier chapters, 
and also because of the jargon of poorly defined terms (in particular, 
the ^^path’^ function and the ^finexact^^ differential). In this text, a 
clearly defined path is established: Definitions are emphasized first to 
form the foundation of the subject, and upon this foundation arise the 
P'irst Law, the principle of reversibility, and then the Second and Third 
Laws. Upon this framework, the secondary phases are based: the 
properties of real fluids and gases, the concept of the ideal gas, and the 
applications of thermodynamics. However, considerable latitude in 
approach has been allowed the instructor by the choice and arrange¬ 
ment of topics in each chapter so that he can follow his own desires in 
the presentation. 

Sufficient material has been included to fulfill the needs of the under¬ 
graduate curriculum in thermodynamics. To survey the subject in 
one semester it is suggested that Chapters 1 through 12 be covered, 
supplemented with assignments from other chapters to illustrate the 
applications. For example, after the study of Chapter 9, the Carnot 
and Rankine cycle analysis of Chapter 15 might well be included. 

This book can be viewed as a condensation of the senior author’s 
text '^Concepts of Thermodynamics,”! amplified by applications and a 
rather extensive survey of heat transfer. However, many of the deriva¬ 
tions have been made different from those in the parent text to emphasize 
anew the concept of the function—the theme of the present series of 
texts. A third text of intermediate level, “Thermodynamics,” is in 
preparation and will be a revision of the older book of the same title 
published in 1948. It can be remarked that the sequence of topics in 
the older texts, along with the then innovations of an introductory 

t McGraw-Hill Book Company, Inc., New York, 1960. 
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chapter on dimensions and units and an emphasis on non-steady-flow 
processes, is followed again in the newer series. 

Let us say that, because the humanities have been increasingly 
neglected in the engineering curricula, an attempt to interest the student 
in this area has been made by adding material to the textbook from the 
scrapbook of the senior author. Experience has shown that students 
will read (and remember) these unassigned excerpts more thoroughly 
than they will the assigned text material. Too, each quotation has some 
relationship to the chapter material. 

The allied subject of heat transfer is presented in the last two chapters 
of the text. Chapter 19 emphasizes the fundamentals of heat transfer, 
while several advanced topics are presented in Chapter 20. Through¬ 
out, examples and problems have been chosen to demonstrate the 
application of heat transfer to realistic engineering problems. 

In preparing these two chapters, it has been recognized that the time 
available in the undergraduate thermodynamics sequence for heat 
transfer may vary greatly from one school to another. If six to eight 
class periods are available, assignment of Articles 19-1 through 19-17 
(omitting, if desired, Articles 3 and 6) will provide a proper under¬ 
standing of the modes of heat transfer and the means for performing 
simple heat-transfer circulations. Ten to fifteen class periods should 
suffice for a thorough coverage of Chapter 19 and at least one of the 
advanced topics in Chapter 20. Material approximately equivalent to 
that given in the typical undergraduate course in heat transfer can 
be obtained by a thorough study of both chapters. If both are included, 
it is recommended that the topics in Chapter 20 be inserted during the 
study of Chapter 19, as suggested in the footnotes. 

It is believed that proper acknowledgment has been made through¬ 
out the text for the work of others, but the authors would be most 
grateful if any oversight is brought to their attention. Much of the 
material, as well as the methods of presentation, originated in the older 
editions of 1948 and 1949, and here the help of Irwin T. Wetzel and 
William H. Roberts was invaluable. For the present edition, Richard A. 
Gaggioli, I. Carl Romer, and Samuel S. Lestz reviewed the material 
on thermodynamics and made many helpful suggestions. Comments by 
Clark H. Lewis and Charles C. Oehring were of great assistance in the 
preparation of the chapters on heat transfer. Each of the authors owes 
much to his friends and, individually, to his very closest relation. 

Edward F. Ohert 

Robert L. Young 
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TERMINOLOGY 


1. Capital letters designate, in general, extensive quantities. 

2. Lower-case letters designate, in general, specific quantities. 

3. Reference or atmospheric or stagnation values have subscript zero. 

4. Standard-state values have superscript degree. 

5. The first derivative with respect to time is signified by a dot over 
the symbol. 

6. The basic dimension of energy is FL. 

7. Equations involving a change in chemical composition are trans¬ 
lated as soon as feasible to show extensive values (capital letters) for 
the properties to warn of the chemical reaction. 


Symbol 

Concept 

Dimension 

Introductory 

or 

explanatory 

article 

a, Ay b, B, Cy C . 

Constants 

Acceleration 

L/r^ 

1-3 


Specific Helmholtz free energy 

FLIM 

8-1 


Velocity of sound 

L/r 

A-4 

atm. 

Atmospheres (pressure) 

F/L^ 

1-8 

A . 

Area 


1-1 


Helmholtz free energy 

FL 

8-1, 8-5 

a . 

Availability of heat 

FL or FL/M 

7-8 

a . 

Availability function 

FL or FL/M 

12-2, 12-3 

AF. 

Air-fuel ratio 

None 

16-1 

Bi. 

Biot number 

None 

20-3 

Btu. 

British thermal unit (IT) 

FL 

2-4, B-1 

c . 

Heat capacity per unit mass 

FL/MT 

2-11, 3-5 


Velocity of light 

L/r 

2-5, 19-9 

Cm . 

Humid heat capacity (per Ib^ 

FL/MT 

14-3 

Cn . 

dry air) 

Polytropic “heat” capacity 

FL/MT 

11-4 

Cp. 

Heat capacity, constant pressure 

FL/MT 

2-11 

Cv . 

Heat capacity, constant volume 

FL/MT 

2-11 

cal. 

Calorie (defined) 

FL 

B-1 

cfm. 

Cubic feet per minute 

L*/t 


CP. 

Coefficient of performance 

None 

4-4, 18-1, 18-8 
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Symbol 

Concept 

Dimension 

Introductory 

or 

explanatory 

article 

C. 

Celsius (centigrade) scale 

T 

3-4 

c . 

Capacity 

Coefficient of discharge 


17-4, 18-3 


None 

13-8 

Cv . 

Velocity coefficient 

None 

13-8 

D . 

Characteristic length 

L 

19-7 


Diameter 

Displacement 

L 

17-4 


Hydraulic diameter 

L 

12-5 

De . 

Hydraulic diameter 

L 

19-7 

e. 

Napierian log base 

Energy per unit confined mass 

FL/M 

4-1, 5-4 

«/. 

Energy per unit flowing mass 

FLfM 

5-3 

emf. 

Electromotive force 

FL/q 

A-1, 6-8 

E . 

Energy of confined mass 

FL 

2-1, 4-1, 5-4 


Modulus of elasticity 

FlU 

6-8 

Ef . 

Energy of flowing mass 

FL 

5-3 

G. 

Electromotive force 

FLfq 

A-1, 6-8 


Effectiveness 

None 

12-2 

/. 

Friction factor 

None 

12-5 

F. 

Fahrenheit temperature scale 

T 

3-4 

FA. 

Fuel-air ratio 

None 

16-1 

F . 

Force 

F 

1-2, 1-3 


Force function 

F 

13-19 


Geometric factor 

None 

19-17 

P .•..: 

Geometric-reflection factor 

None 

19-17 

F. 

Faraday 

9 

A-1, 6-8 

.i 

Friction 

FL or FL/M 

4-36, 7-7, 12-4 


Geometric-reflection-emissivity 

None 

19-1 

Fo. 

factor 

Fourier number 

None 

20-3 

FE . 

Flow energy 

FL/M 

5-3 

g. 

Gram 

M OT F 

1-2 

9 . 

Gravitational acceleration 

L/t* 

1-2 


Specific Gibbs free energy 

FL/M 

8-1 

9o . 

Standard gravity acceleration 

L/r^ 

1-2, 1-5 

9 c . 

Dimensional constant 

ML/Fr^ 

1-3, 1-7 

G . 

Gibbs free energy 

FL 

8-1, 8-5 


Irradiation 

F/rL 

20-6 


Mass velocity 

M/Lh 

12-5, 19-8 

Gr . 

Grashof number 

None 

19-7 

h . 

Planck’s constant 

FLt 

19-9 


Specific enthalpy 

FL/M 

2-11 


Surface heat-transfer coefficient 

F/rLT 

19-1 

he . 

Surface convection coefficient 

F/tLT 

19-1 

hr . 

Surface radiation coefficient 

F/rLT 

19-1 
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Symbol 

i 

Concept 1 

Dimension 

Introductory 

or 

explanatory 

article 

H . 

Enthalpy 

FL 

2-11 


Enthalpy per unit mass dry air 

FL/M 

14-2 

H. 

Head 

L 

13-10 

ihp. 

Indicated horsepower 

FL/r \ 

6-7 

int .... 

International units 


1-2 

/. 

Electric current (dq/dr) 

q/r 

A-1 


Intensity 

Flrh 

19-12 

IT. 

International Steam Table Con- 


2-4 


ference units 



a . 

Unavailable energy function 

FL or FL/M 

7-9, 12-2 

J . 

Joule’s unit conversion factor 

None 

2-4 


Radiosity 

F/rL 

20-6 

fc.; 

Cp/ Cv 

None 

2-11 


Boltzmann’s constant =* Ro/Nq 

FL/T 



Thermal conductivity 

F/Tt 

19-1,19-2,19-3 

K. 

Kelvin temperature scale 

T 

3-4 

Kp . 

Equilibrium constant' 


16-7 

KE . 

Kinetic energy 

FL or FL/M 

2-2, 5-1, 5-3 

Kn. 

Knudsen number 

None 

19-6 

lb/. 

Pound force 

F 

1-2 

Ib^. 

Pound mass 

M 

1-2 

In. 

Logarithm to the base e 

None 


L . 

Coordinate of an open system 

L 

2-7, 5-1 


Length 

L 

1-1, 1-2 

m. 

Mass of an object 

M 

1-2, 1-3, 2-5 


Mass within a system 

M 

4-1, 5-2, 5-6 

TRf . 

Mass in flow 

M 

5-2, 5-5, 5-6 

mo. 

Rest mass of an object 

M 

2-5 

mep. 

Mean effective pressure 

F/L^ 

6-7, 17-4 

M. 

Mach n\imber 

None 

A-5, 13-l,.19-8 

M . 

Molecular weight 

None 

1-2, 11-9, 16-1 


Mass j 

M 

1-3 

n . 

Number of moles 

None 

3-5 


Poly tropic exponent 

None 

3-5 


Number of equivalents 

None 

6-8 


Speed, rpm 

1/r 


N, . 

Avogadro’s number 

1/M 

A-1 

Nu. 

Nusselt number 

None 

19-7 

V . 

Pressure 

F/L^ 

1-8 

Po. 

Atmospheric pressure 

F/L* 

1-8, 6-1 


Stagnation pressure 

F/L^ 

13-1, 13-14 

psi. 

Pound force per square inch 

F/L^ 

1-8 

PE . 

Potential energy 

FL or FL/M 

2-2, 5-3 

Pr . 

Prandtl number 

None 

19-7 

9 . 

Heat transfer per unit mass 

FL/M 

4-2, 5-7 


Electric charge 

9 

A-1, 6-8 
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Symbol 

Concept 

Dimension 

Introductory 

or 

explanatory 

article 

Q . 

Heat, in general 

Heat, system 

FL 

2-13, 4-2, 5-5 

r. 

Coordinate direction 

L 

19-4 


Recovery factor 

None 

13-13, 19-8 

rp . 

Pressure ratio 

None 

11-7, 17-1 

fv . 

Specific volume ratio 

None 

11-7, 17-1 

rw . 

Work ratio 

None 

15-1 

R. 

Rankine temperature scale 

T 

3-4 

R . 

Electrical resistance 

FLrlq^ 

A-1 


Specific or universal gas con- 

FLfMT 

3-5 

Ri . 

stant 

Thermal resistance 

T/FL 

19-5 

Ro . 

Universal gas constant (used to 

FL/MT 

3-4, B-8 

Re. 

emphasize mole unit of mass) 
Reynolds number 

None 

A-2, A-3, 19-7 

8 . 

Specific entropy 

FLfMT 

7-4 

«o. 

Stagnation entropy 

FL/MT 

13-2 

s . 

Entropy 

FL/T 

7-3 

St. 

Stanton number 

None 

19-7 

t . 

Temperature, Celsius or Fahren- 

T 

3-4 


heit scale 

Temperature on any scale 

T 

2-1, 3-2 


Temperature, bulk, mixing cup 

T 

19-7 

T . 

Absolute temperature (Kelvin 

T 

3-4, 7-2 

To . 

or Rankine scale) 

Atmospheric temperature 

T 

6-1, 7-8, 12-2 


Stagnation temperature 

T 

13-1, 13-13 

u . 

Specific internal energy 

FL/M 

2-3 

U . 

Internal energy 

FL 

2-3, 2-5 


Over-all heat-transfer coefficient 

F/tLT 

19-20 

. 

Specific volume 

L^M 

1-8 

V .' 

Velocity 

hfr 

2-2, 2-5, 5-1 


Volume 


2-11 


Electric potential 

FL/q 

A-1 

w . 

Work transfer per unit mass 

FL/M 

4-2, 5-7 

w . 

Work, in general 

Work, system 

FL 

2-13, 4-2, 5-5 


Hemispherical emissive power 

F/tL 

19-11 


Humidity ratio 

None 

14-1 


Coordinate direction 

L 

5-1 


Mole fraction 

None 

11-9 


Quality 

None 

9-5 

y . 

Coordinate direction 

L 

5-1 

z . 

Coordinate direction 

L 

5-1 


Compressibility factor 

None 

10-3 

Z . 

Height above the earth; not nec¬ 

L 

2-2 


essarily the z coordinate of the 
cartesian coordinate system 
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Introductory 

Symbol 

Concept 

Dimension 

or 

explanatory 

article 


Greek Characters 


a . 

Absorptivity 

None 

19-10 


Number given by thermometer 

None 

3-4 


Thermal diffusivity 

IJ/r 

20-3 

0 . 

Coefficient of thermal expansion 

\/T 

19-7 

y . 

Specific weight 

FjU 

1-8 

r. 

Runoff 

M/rL 

20-5 

AOp. 

Heating value at p = constant 

FL/M 

16-4 

AQv . 

Heating value V — constant 

FL/M 

16-4 

s . 

Half-thickness 

L 

20-2 


Emissivity 

None 

19-13 


Extent of reaction 

None 

16-6 


Mechanical strain 

None 

6-8 


Roughness factor 

L 

12-5 

V . 

Combustion-engine efficiency 

None 

17-1 


Efficiency, First Law 

None 

4-4, 15-3 


Fin efficiency 

None 

20-2 

Ve . 

Compression efficiency 

None 

12-2 

Ve . 

Expansion efficiency 

None 

12-2 

Vf . 

Furnace efficiency 

None 

8-4 

t/m . 

Mechanical efficiency 

None 

17-4 

Vn . 

Nozzle efficiency 

None 

13-8 

Vr . 

Regenerator efficiency 

None 

1 17-8 

»?< . 

Thermal efficiency 

None 

4-4 

Vv 

Volumetric efficiency 

None 

17-4 

0 . 

Coordinate direction 

None 

19-4 

0. 

Temperature, scale unspecified 

T 

3-2, 7-2 

X. 

Latent heat of condensation 

FL/M 

20-5 


Mean free path 

L 

19-6 


Wavelength 

L 

19-9 

M. 

Chemical potential 

FL/M 

8-2 


Degree of saturation 

None 

14-1 

M/. 

Dynamic viscosity, force units 

Ft/L^ 

1-8 

Mm. 

Dynamic viscosity, mass units 

M/Lt 

1-8 


Frequency 

l/r 

19-9 


Stoichiometric number of moles 

None 

16-7 

P. 

Density 

M/L^ 

1-8 


Reflectivity 

None 

19-10 

<r . 

Stefan-Boltzmann constant 

F/tLT^ 

19-1 


Stress 

F/L^ 

6-8 

2. 

Sigma function 

FL 

14-3 

T. 

Time (a dimension) 

T 

1-2, 1-3 


Time (a variable) 

r 

4-1 


Transmissivity 

None 

19-10 
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Introductory 

Symbol 

Concept 

Dimension 

or 

explanatory 

article 


Greek Characters 


4^ . 

4^ . 

Coordinate direction 

Relative humidity 

Coordinate direction 

Rate of heat generation 

Solid angle 

None 

None 

None 

FhU 

None 

19- 12 

14-1 

20- 3 

20-1 

19-12 


Symbol 

Concept 

Introductory or explanatory 
article 

Subscripts 


Air ! 



Arithmetic 

19-21 

aw . 

Adiabatic wall 

19-8 

A . 

Added 


b . 

Black-body surface 

19-11 

c . 

Critical 

9-2, 10-2, 20-4 

D . 

Piston displacement 

6-7, 17-4 

/. 

Film or fluid 

19-7, 19-6 


Flow 

5-], 5-2 


Force unit 

1-2 


Saturated liquid state 

9-5 

SF. 

Friction 

12-4 

g . 

Gray-body surface 

19-14 


Saturated vapor state 


h . 

High 

16-4 

i . 

Indicated 

6-7 


Inner 

19-8 

hJ . 

Constituents i, j 


id. 

Ideal gas 

3-5 

irrev. 

Irreversible process 

6-3 

1 . 

Low 

16-4 

m . 

Mass unit 

1-2 


Mean 

19-4, 19-21 


Mixture 



Normal 

19-12 


Polytropic 

3-5, 11-3 

nf. 

Closed (nonflow) system 


0 . 

Outer 

19-8 

P . 

Constant pressure 


Q . 

Heat 


r. 

Reduced 

10-3 


Relative 

5-8e 

r'. 

Pseudo-reduced property 

10-3 

rev. 

Reversible process 


R . 

Rejected 
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XIX 


Symbol 

Concept 

Introductory or explanatory 
article 

Subscripts 


Entropy 

19-8 


Saturated water vapor 

14-1 


Sensible 

2-3 


Surface 

19-6, 19-8 

sf. 

Steady-flow system 

6-5 


Constant specific volume 


V . 

Constant total volume 

16-4 

w . 

Steam 

14-1 

X (y or z) . 

In the X (y or z) direction 



At quality x 

9-5 

0. 

Atmospheric value 

6-1, 7-8, 12-2 


Standard value 

1-2 


Stagnation state 

13-1 

1. 

Entrance to flow system 

2-7, 5-1 

2. 

Exit from flow system 

2-7, 5-1 

Superscripts 

o 

Degree of temperature 

1-8 


Standard-state designation 

8-3 

* 

Reference value 

19-8 


State of adiabatic saturation 

14-3 


State at Mach 1 (sonic) 

A-5, 13-1 

n . 

Polytropic exponent 

3-5, 11-3 


Symbol 

Concept 


Independent Variables and Functions* 


Q{r). . 
qir). . . 
Wir).. 
W{r).. 

Pir).. 


Q{r,L). 

W(t,L) 

w(L)... 


m/^TyL) 
m{rjL) . 

P{r,L). 


Closed system (independent variable is time r) 

.Heat through surface of closed system from time zero 

... . Q(T)/m, where m is mass of closed system 

. Work through surface of closed system from time zero 
. W{T)/m, where m is mass of closed system 

. Value of a property P of system at time r 

Open system (independent variables are time r and position L) 

. Heat through surface of open system from entrance Li to posi¬ 
tion L and from time zero 

. Heat through surface of steady-flow system from entrance L\ 

to position L, per unit of mass flowing 

. Work through surface of open system from entrance Li to 

position L and from time zero 

.Work through surface of steady-flow system from entrance L\ to 

position Ly per unit of mass flowing 

. Mass which has crossed a coordinate L from time zero 

. Mass in system between entrance L\ and coordinate L at time r 

. Value of a specific thermostatic or of a mechanical property P 

_at position L at time r_ 


Reference articles: 2-13, 4-1, 4-2, 6-2 to 5-7. 






























CHAPTER 1 


4 ■ 

SURVEY OF DIMENSIONS AND UNITS 

The measure of a man^s real character is what he 
would do if he knew he would never be found out. 

Thomas Macavlay 


This chapter surveys the dimensions and units of primary importance 
in engineering. Such dimensions, after a system of units is established, 
become the variables of engineering mathematics. 

1-1. Dimensions. A concept, if fundamental, cannot be clearly 
explained. For example, what is mass? Or length? Or time? If mass 
is defined as that which has inertia, what is inertia? The problem is 
avoided by assigning names which serve as definitions, and these descrip¬ 
tive names are called dimensions. More precisely: 

A dimension is a name given to a measurable quality or charac¬ 
teristic of an entity. 

To reduce the number of dimensions, certain descriptions can be expressed 
in terms of others. For example, length, area, and volume are dimensions 
describing certain characteristics of an object. But since an area can be 
conceived and measured as a length squared and a volume as a length 
cubed, in place of these dimensions all these descriptions can be stated in 
terms of some fundamental dimension, in this case, length. For example, 

[A] = [in 

The bracket is used to identify a dimension, and the above equation 
should be read: The dimension of area is equivalent to the dimension of 
length squared. By following this procedure, secondary, or derived, 
dimensions can be obtained from a small number of fundamental, basic, or 
primary dimensions. 

Once the primary dimensions are accepted (without definition), other 
concepts can be defined: A force is that phenomenon that can accelerate a 
mass. This definition presupposes three primary dimensions: mass, 
length, and time. On the other hand, it is convenient to consider force 
to be a primary dimension since its derived dimension is clumsy (Art. 1-4): 

In this text, the fundamental dimensions are mass, force, length, 
time (and temperature). 
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1-2. Engineering Units for the Fundamental Dimensions. While a 
dimension is a descriptive word picture, a unit is a definite standard or 
measure of a dimension: 

A unit is an arbitrary amount of the quantity to be measured 
with assigned numerical value of unity. 

For example, foot, yard, inch, rod, and meter are all different units but 
with the common dimension of length. 

The units commonly used in engineering are defined as follows: 

Time. The second (sec) is the fundamental unit of time and is defined 
as 1/86,400 part of a mean solar day. 

Length. The foot (ft) is the fundamental unit of length and is defined 
as 34 yard (yd), where the yard (international) is 0.9144 of the meter (m). 

The meter^ is the distance between two lines, measured at 0 degrees 
Celsius, on a platinum-iridium bar that is kept at the International 
Bureau of Weights and Measures at Sevres, France. A meter is equiva¬ 
lent to 100 centimeters (cm). 

Mass. The pound (international) (Ib^) is the fundamental unit of mass 
and is defined as 453.59237 grams (g). The kilogram (kg) by inter¬ 
national agreement is a certain basic mass of platinum-iridium located at 
Sevres, France. The slug is defined as 32.1739 pounds mass (Ibm). The 
mole is defined as the mass equal in numerical amount to the molecular 
weight M of the substance. Any unit of mass can be included in this 
definition: the pound mole is M pounds; the gram mole is M grams. 

Force. The standard pound force (lb/) is the fundamental unit of force 
and is defined as the force necessary to accelerate the pound mass (Ib^) at 
the rate of 32.1739 ft/sec^, or the slug at the rate of 1 ft/sec^. The 
poundal is defined as the force required to accelerate the pound mass (Ibm) 
at a rate of 1 ft/sec^. It is not in common use. 

Acceleration of Gravity. The standard acceleration of gravity (by inter¬ 
national agreement) is = 32.1739 ft/sec^ = 980.665 cm/sec*. The 
local acceleration of gravity will be designated by the symbol g. 

Upon examination a serious fault appears in the above list of units. 
The name pound is assigned to the fundamental units of both mass and 
force; yet obviously a pound of mass is an entirely different type of thing 
from a pound of force. To overcome this difficulty, the terms force pound 
(or pound force) and mass pound (or pound mass) will be used and abbrevi¬ 
ated lb/ and Ibm for identification. 

t At the Tenth International Conference on Weights and Measures, Paris, France, 
1954, it was agreed that the standard unit of length will have to be redefined in terms 
of the wavelength of the most suitable atomic transition of an isotopically pure ele¬ 
ment; mercury, cadmium, xenon, and krypton were being studied for action by the 
Conference in 1960. 
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1-3. The Engineering Dimensional System. In engineering a system 
involving four fundamental dimensions is in common use, called the 
FMLt system of dimensions. In this system, the unit of force is the 
pound force [F]; the unit of mass is the pound mass [M]; the unit of 
length is the foot [L]; and the unit of time is the second [r]. The pro¬ 
cedure in constructing the dimensional system can be illustrated by the 
Newtonian equation 


Force ^ mass X acceleration 
This proportionality can be written as an equation, 


F 

F' 


ma 


and 


F = — 7-7 ma 
ma 


(a) 


Equations (a) and (b) are dimensionally homogeneous because each term 
of the equation has the same dimension [F]. 

Recall that, by definition, 1 lb/ will accelerate 1 Ibm at the rate of 
32.1739 ft/sec^, and substitute these values in Eq. (a), 

F _ ma 

^ 32.1739 — 


Upon rearranging, as in Eq. (5), 
F =- 


1 


32.1739 


Ib^ft 
lb/ sec* 


ma 


which is usually written 


F — — ma 
gc 


Here Qe is a dimensional constant, 


Qc = 32.1739 


lb« ft 


_ ML' 

lb/ sec* Ft^ 


(c) 


Note that Qe is not the acceleration of gravity because it has different 
dimensions (although, unfortunately, the number 32.1739 is equal to that 
of the standard acceleration of gravity). 
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Example 1. Determine the force to accelerate 10 Ib^. at the rate of 10 ft/eec*. 
Solution 

F wo = - 10 lb„ 10 ft/sec* = - 3.105 lb/ Ans. 

32 . 1739 ,^=^, 

lb/ sec* 

Example 2. Determine the force exerted by 10 Ibm because of the attraction of 
gravity at a location where g *«= ^o- 
Solution 


f = 1 mo «= - 10 lb„ ffo = 321.739 ft ^ 

32.1739 

lb/ sec* 

Inspection of Eq. (c) shows that the dimensional constant gc can be 
used as a dimensional conversion factor: 


The dimension of mass can be eliminated from a quantity by 
dividing by Qc] the dimension of force can be eliminated from a 
quantity by multipl 3 ring by Qc, 

Example 3 . Eliminate the dimension of force from 5.00(10~*) lb/ hr/ft*. 
Solution. The easiest solution is to multiply by Qc and 3,600 sec /hr, 

fs.OOdO-) fM^TSLU^tx 

L ft* J \ hr / \ lb/ sec* / 

(5.00)(3,600)(32.1739)(10-») - 57.9(10-*) Ans. 

lb S0C lb see 


[Of course, the answer could have been found in units of lbm/(ft)(hr).l 

It has been demonstrated that a four-fundamental-dimension system 
can be constructed for the engineering units of pound mass, pound force, 
foot, and second. The same reasoning can be used to devise a system of 


Table 1-1. Dimensional Systems and Units 


Name of system 


Quantity 

Absolute 

Absolute 

Technical 

Engineering 


English, 

metric. 

English, 

English, 


MLt 

MLt 

FU 

FMLr 

Length. 

foot 

centimeter 

foot 

foot 

Time. 

second 

second 

second 

second 

Mass. 

pound mass 

gram 

slug 

pound mass 

Force. 

poundal 

dyne 

pound force 

pound force 

Power. 

foot 

erg/sec 

foot lb//sec 

foot lb//sec 


poundal/sec 




Energy. 

foot poundal 

erg 

foot lb/ 

foot lb/ 

Tlim£^noir\no1 n/\r^a4<in^ rt 

1 lb„ ft 

1 g cm 

1 slug ft 

32.1739 lb,„ ft 

LUIioblilib ffc* * » 

poundal sec* 

dyne sec* 

lb/ sec* 

lb/ sec* 
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four fundamental dimensions employing as units the slug, pound force, 
foot, and second (or a system employing the poundal, pound mass, foot, 
and second). It will be found that the dimensional constants for the 
English systems of units are 


gc = 32.1739 


lb,, ft 
lb/ sec^ 


j slug ft ^ ^ Ibm ft 
lb/ sec^ poundal sec* 


1-4. Dimensional Systems with Three Fundamental Dimensions. It would 
appear that the dimensions of time [r], length [L], mass [A/], and force [F] would be the 
minimum number of basic dimensions necessary to form a complete dimensional 
system. But for one of these four descriptions it is possible to find derived dimensions 
by using Newton’s law, namely, 


Force ^ mass X acceleration 


This proportionality can be written in equational form as 

F = Cma 


where C is a dimensional constant. If it is desired to express the equation without 
the constant, for dimensional equality 

IF] = [M][a] (a) 

Now acceleration need not be a primary dimension because it can be measured in 
terms of length [L] and time [r]. 


[F] * [A/](Lt-*] - [A/Lr-*] 

Thus, the fundamental dimension, force [F], can be given the derived dimension of 
A/Lt'*, and thereby a system of dimensions can be constructed involving only mass 
[Af], length [L], and time [rj. This is called the MLr system of dimensions. 

In the MIjt system, the English units are the pound mass [A/], the foot [L], and the 
second [rj. With these units substituted in the Newtonian equation 

F =» ma 

(1 unit force [MLt~^]) — (1 pound mass [A/]) ( 

[MLt-^ » [AfLr-*l 

This equation is dimensionally fwmogeneous because each term of the equation has 
the dimension Here the unit of force has derived dimensions, and it is called 

the poundal. The size of the poundal must satisfy Eq. (6): The poundal is the force 
required to accelerate 1 pound mass at the rate of 1 ftfsec’^. It must be remembered in 
using this system that 

, 1 lb,n ft 

1 poundal =- -z— 

sec* 

However, the poundal is rarely used. 

An alternative system can be constructed by allowing the Newtonian equation to 
define the dimensions of mass. 


F — Tna 


(Ml 


[F] 

[a] 


IF] 


[FL-W*] 
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Here the fundamental dimension of mass is given the derived dimension of FL~W\ 
and a system is constructed that involves only force [F], length [L], and time [t]. This 
is called the FLr system. 

In the FLt system, the English units are the pound force [F], the foot [L], and the 
second [r]. These units can be substituted in the equation 

F — ma 

(1 pound force [F]) « (i unit mass fFL“V*]) (-■- (c) 

VI sec* [r*]/ 

[F] - [F] 

Here the unit of mass has derived dimensions of FL-h^, and it is called the slug. The 
size of the slug is determined by Eq. (c): The slug is the mass that can be accelerated 
1 ft/sec^ by a force of 1 standard pound force. In using this system, it must be remem¬ 
bered that 

- , .lb/ sec* 

1 slug = 1 —^ 

1-6. Weight. Because the word weight is used in two different senses, 
some confusion has arisen: (1) Weight is the term used to indicate the 
mass or quantity of matter in a body (an unfortunate usage). (2) Weight 
is the force exerted on a given mass by the gravitational effect of the earth (a 
better usage). When a body is ‘'weighed'' on a beam scale, it is directly 
balanced by a known and presumably calibrated mass; this “weighing 
operation " is a measure of the mass in the body because the attraction of 
gravity on both the known and unknown masses is equal. On the other 
hand, when a pound mass is weighed on a spring scale, the deflection of 
the scale will be governed by the local value of the attraction of gravity. 
The weight will be 

F = ]-rna = ]-(\ 1 (1 lb„) 

VC yc gc 

(and this weight is in standard pound force units). When this method of 
weighing is made at a location where g = ^o, the mass of 1 pound will 
exert a force of 1 standard pound force (by definition). If g is greater 
than ^ 0 , a greater force will be exerted and it will be so indicated if the 
scales have been calibrated at a region where g — go. 

In most engineering work, the problem of spring scales will not be a fac¬ 
tor, but it is not unusual to use a mass as a weight. For example, con¬ 
sider a heavy piston free to descend in a vertical cylinder filled with gas; 
the force exerted by the mass of the piston on the gas will vary as the 

location or altitude of the cylinder is varied. This force in standard 

pound force units is mgjgc. 

In some instances the gravitational force exerted by a mass of 1 pound 
at a location where the acceleration of gravity is g is called a gravitational 
pound force. This unscientific unit must be multiplied by the ratio g/g^ 
if the force is to be reported in standard pound force units. 
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Note again that a mass of 1 pound measured on a conventional beam 
scale is precisely 1 pound mass, but the force exerted (the weight) is 
usually not 1 standard pound force because of the multiplying factor of 
\g/9c\ = \g/goV 

1>6. Nonunitary Homogeneous Equations and the Conversion of Units. 

Equations are often used to show the relative size of different units* 

5,280 feet = 1 mile 3,600 seconds == 1 hour 

[L] = [L] [r] = [r] 

Inspection of these equations shows that they are dimensionally correct 
because all terms have the same dimensions. However, the equations do 
not have unitary homogeneity because the terms are expressed in different 
units. Because of this nonhomogeneity, there are some who prefer to 
show the equality in the form of a dimensionless ratio that has a value of 
unity: 

5,280 = 1 3,600 ^ = 1 

^ mile ^ hr 


These unit conversion factors can be used as multiplying factors because 
it is always permissible to multiply (or divide) by unity. 

Example 4. Convert 88 ^ to miles per hour (mph). 

Solution. From Table B-1 select the appropriate unit conversion factors, 


5,280 

mile 


3 , 600 ^ 

hr 


Now arrange these factors of unity to cancel the units of feet and seconds. 


ft mile 3,600 sec 
sec 5,280 ft hr 


88(3,600) mile . 

- 5 ^-^=60 mph An>. 


Example 6. Repeat Example 4, but use the defining equations. 
Solution. Substituting 


5,280 ft *= 1 mile 3,600 sec = 1 hr 


in 88 — results in 
sec 


88 — 
sec 


88 


1 ft 
1 sec 


88 


1 .. 

5,280 3,600 mile 

1 , “ 5,280 hr 


60 mph Ana. 


3,600 


hr 


Both the poundal and the slug can be expressed as unit conversion fac¬ 
tors; consider first the slug. By definition, 1 standard pound force will 
accelerate 1 slug mass at the rate of 1 ft/sec®; it will also accelerate 
1 pound mass at the rate of 32.1739 ft/sec^ (Art. 1-2). It follows that the 
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slug is a definite quantity of matter of size 32.1739 times that of the pound 
mass: 

1 slug = 32.1739 lb„ 

[M] = [M] 

and also 32.1739 ^ = 1 (o) 

slug 

Recall that, by definition (Art. 1-2), 1 standard pound force will accelerate 
1 pound mass at the rate of 32.1739 ft/sec^; a poundal will accelerate 
1 pound mass at the rate of 1 ft/sec®. Consequently, the poundal is a 
definite force of size 1/32.1739 that of the standard pound force: 


32.1739 poundals = 1 lb/ 

[F] = [F] 

and 32.1739 P5^® = 1 (6) 

lb/ 

Equations (a) and (6), like the factors of feet and mile, second and hour, 
are unit conversion factors. 

1-7. The Dimensional Constant as a Unit Conversion Factor. Al¬ 
though the dimensional constant Qc acknowledges the existence of four 
fundamental dimensions, still Newton^s law shows that only three basic 
dimensions are necessary for a complete dimensional system (Art. 1-4). 
Because of this fact, the dimensional constant can always be treated as a 
unit conversion factor. In other words, the units for the dimensional 
system bear a definite relationship to each other, and this relationship is 
established by Newton^s law whether or not a fourth basic dimension is 
premised. For example, there is 32.1739 Ibm (units) in 1 slug (unit) of 
mass; this is shown by the unit conversion factor. 


32.1739^- = 1 
slug 

The equivalent units for the slug, by Newton^s law, are 

lb/ sec^ 


1 slug = 1 


ft 


(a) 


When this factor is substituted in Eq. (a), the result is 


32.1739 


Ibnzft 
lb/ sec^ 


1 


and this is recognized to be the dimensional constant Qc, Thus, the 
philosophy of this article shows that ge can be considered to be a unit 
conversion factor with absolute value of unity. For this reason, Qc can 
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be used at will as a multiplying or dividing factor irrespective of the 
origin of the quantities that are to be operated upon. In Example 3, 
Qc was considered to be a dimensional constant that was used to eliminate 
an undesired dimension; it could also be considered that Qc was merely a 
unit conversion factor that eliminated an undesired unit. Whether Qc 
is regarded as a dimensional or unit conversion factor is relatively unim¬ 
portant, for the same result will be obtained from either viewpoint. It 
must be admitted, however, that those who consider gc to be a unit 
conversion factor gain the advantage of simpler equations. However, in 
this text, Qc is used as a dimensional constant (1) because the student 
should recognize that mass and force are two different phenomena and 
(2) because mass is invariably measured on balances that are calibrated 
(and engraved) in pound mass units (in engineering) and never in slug 
units or Ft^/L units. 

1 - 8 . Derived Dimensions and Units. Derived, or secondary, dimensions will be 
constructed as the need for such descriptions becomes necessary. 

Density is defined as the mass contained in unit volume: 

(p1 ” 

Density is measured in units of pounds mass per cubic foot (Ibm/ft*) and frequently in 
units of slugs per cubic foot. 

Specific gravity is defined as the ratio of the density of a substance to the density 
of a selected reference material under prescribed conditions. The reference density 
is usually that of water at 39°F or at 60°F. Note that a ratio is dimensionless. 

Specijic volume, the volume of unit mass of material, is the name given to the inverse 
dimension of density. The symbol of designation is v, and the dimensions are 

Usually the engineering units are in cubic feet per pound (ft*/lbm). 

Example 6 . Density (p) is defined as the mass contained in unit volume. Specific 
weight ( 7 ) is defined as the weight of the mass contained in unit volume. Investigate 
the relationship of these terms in the FMLr and FLr systems. 

SoliUion. FMLt System 

1 J 1 

F “ — ma and y ^ — pg 
9c 9c 

and at locations where 9 ^ 90 



or numerically 7 equals p (at the specified location: g * po). This equality is con¬ 
venient; for example, water at 68 °F has a density of 62.305 Ibm/ft* and weighs 62.305 
lb//ft* (unless g 7 ^ go). These units and dimensions are of everyday experience. 

FLr System 

F *■ ma y ■■ ppo 
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under standard conditions, or numerically 7 is 32.1739 times p. Using the same 
figures as before, the density of water in this system is 

62.305 . , fib/ sec*l 

" ’ 3^9 - 1-936 slugs/ft^ or [-^\ 

and the specific weight is 

7 = 62.305 lb//ft» 

Pressure is defined as the force exerted on unit area. The symbol to designate pres¬ 
sure in any units will be p, and dimensionally 

The engineering unit for pressure is the standard pound of force per square inch 
(lb//in.*, or psi). In most equations, pounds per square foot will be used (lb//ft*). 
The usual pressure-measuring instruments measure the pressure either above or below 
the atmospheric condition, and such pressures are called gauge pressures. The absolute 
pressure is the algebraic sum of gauge and atmospheric pressures. If a vacuum is 
reported as 28 in. of mercury with a barometric pressure of 30 in. of mercury, the abso¬ 
lute pressure is 2 in. of mercury. For some work, the unit of pressure is taken as the 
standard atmosphere, which is defined as the pressure exerted by a column of mercury 
760 millimeters in height and having a density of 13.595 grams per cubic centimeter 
when located in a region where the acceleration of gravity is standard. 

1 atm =“ 760 mm Hg =* 29.92 in. Hg = 14.696 psi 

Viscosity. A fluid is a substance which deforms continuously under an applied 
shear stress, however small. The viscosity of a fluid is a measure of its resistance to 
deformation. Consider two parallel plates (Fig. 1-1) with one plate moving with 


F 



Fig. 1 -1. Velocity gradient from viscosity (parallel plates, laminar flow, true fluid). 

velocity F, while the other plate is stationary. Fluid adherest to both plates; conse¬ 
quently, fluid in contact with the upper plate has the plate velocity F, while fluid 
touching the stationary plate has zero velocity. If the velocity is low or if the plates 
are close together, definite elements of the fluid will move parallel to the boundaries in 
fixed layers (on a macroscopic scale). This is laminar, or streamline, flow. To main¬ 
tain the motion, a force F must be applied to the moving plate, while an equal and 
opposite force must be exerted to hold the lower plate. The shearing stress is the 
force per unit area of plate {F/A). For this laminar-flow condition, Isaac Newton 

t A no-slip condition is assumed between the fluid and its boundary. While this 
condition is usually satisfied, a notable exception occurs in highly rarefied gases, such 
as in the stratosphere. 





SURVEY OF DIMENSIONS AND UNITS 


11 


defined the coefficient of viscosity (or the ahsolvie viscosity or the dynamic viscosity) ai 

shear stress F/A T F/A '^ 

" shear rate *" dVjdz L lA J 

The subscript / denotes force units. In units of mass, 

Mm * M/^e 

The viscosity of a fluid arises from cohesion of the molecules and also from transfer of 
momentum as molecules diffuse from one layer to the next. Cohesion effects are 
dominant in liquids; hence, the absolute viscosities of liquids decrease with temperature 
increase. Molecular-activity effects are dominant in gases; hence, the absolute viscosi¬ 
ties of gases increase with temperature increase. 

Consider Fig. 1-2. A perfect^ or ideal^ fluid\ has zero viscosity (and therefore a shear 



Shear stress {F/A) 

Fig. 1 -2. Classification of fluids (and plastics). 

stress cannot be imposed, nor can internal friction be induced). A simple^ true^ or 
Newtonian fluid has a coefficient of viscosity independent of the shear stress or rate of 
deformation (but dependent on the temperature and, to a lesser degree, on the pres¬ 
sure). Greases or plastics exhibit a yield stress before a deformation rate is established. 
Some substances have a decreased viscosity at high shear rates {molecular slip). At 
high shear rates when turbulence sets in, the linear relationship in Fig. 1-2 for New¬ 
tonian fluids disappears. The fluid remains Newtonian with the same value for fx as 
before, but u can no longer be evaluated by the velocity gradients in the turbulent 
region (and a concept called the eddy viscosity is sometimes introduced). 

In this text discussion is limited either to ideal or else to New¬ 
tonian fluids. 

t The concept of the perfect, or ideal, fluid is not that of the perfect, or ideal, ^o« 
(Art. 3-5). 
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PROBLEMS 

1. Set up a dimensional system using as fundamental units the poundal [F], pound 
[Af], foot [L], and second [r]. What are the value and dimensions for the dimensional 
constant? Eliminate the dimensional constant by giving the poundal derived dimen¬ 
sions, and compare the two systems. Which system is used? 

2 . Repeat Prob. 1, but use the slug (Afl, pound force [F], foot [L], and second [r] 
as the fundamental units. 

3. A man weighs 180 lb. Explain the exact meaning of this sentence. 

4 . Explain the difference between a gravitational and a standard pound force. 

6. A pound mass is “weighed ” on a beam balance at a location where ^ 31 ft/sec*. 

What will be the reading? Discuss. The same mass is weighed on a spring scale 
originally calibrated in a region where g ~ 32.2 ft/sec*. What will be the indicated 
weight? If calibration had been made at a location where g = 31 ft/sec*, what would 
be the indicated weight and the weight in standard pounds force? 

6. The value of g at the equator and sea level is 32.088 ft/sec*, and this value 
decreases about 0.001 ft/sec* for each 1,000 ft of ascent. At what height would g 
equal 31 ft/sec*? At this location, how much mass must be used on a vertical piston 
to exert 5 lb/? 

7. What is the absolute pressure in pounds per square inch absolute if (a) vacuum 
is 2 in. Hg, (6) vacuum is 3.5 psi, (c) gauge pressure is 5.3 psi? (Barometric pressure 
is 750 mm Hg.) 

8. Convert 60 ft/sec to miles per hour; 2,000 lb//ft* to pounds per square inch; 
14 psi to atmospheres. 

9. Convert 500 ft-lb/ to horsepower-hours; 6.00(10“®) lb/ hr/ft* to lbm/(ft)(hr); 
100 centipoises to lbm/(sec)(ft) and lb/ sec/ft*. 

10 . Convert 15 slugs to pounds mass; 0.06 slug/(ft)(hr) to lb/ hr/ft*; 50 poises to 
slugs/(ft)(hr); 2 moles of air to pounds. 

11 . Fifteen pounds mass is contained in a volume of ^'2 ^t^. Determine the density, 
specific volume, and specific gravity. (Specific volume of water at 39®F is 0.01602 
ftVlb«.) 

12 . A cylindrical tank 10 ft in length and 3 ft in diameter contains 5 lb„ of fluid. 
Deternjine the specific volume and the density of the fluid. 

13 . An engine has a Prony brake which rests on the platform of a beam scale. 
The tare of the brake is 50 Ibm (as shown by the scale). When the engine is running 
under full load, the scale reading is 150. Should a correction be made for the effect 
of gravity in computing the torque of the engine? (Let p = 31 ft/sec*.) Discuss. 
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To the Student 


Thermodynamics is the science which deals with energy and its trans¬ 
formations and with relationships between the properties of substances. 
The subject may also be called physical chemistry by the chemist or 
heat by the physicist. In these fields, study is almost invariably con¬ 
fined to the chemical and physical behavior of a fixed, quiescent mass of 
substance. Such studies could more properly be called thermostatics since 
motion (or gradients of temperature, pressure, etc.) is denied. The engi¬ 
neers have extended the subject of thermodynamics to include the study 
of substances in dynamic motion. This extension was made possible by 
evaluating, not a fixed mass of moving substance, but, rather, the station¬ 
ary region which the moving substance penetrates. In the terminology 
of thermodynamics, the engineer studies relatively quiescent closed sys¬ 
tems (as do the chemist and the physicist), and, in addition, he studies 
dynamic open systems (through which, for example, a high-velocity 
stream of fluid may be passing). In both chemical- and mechanical-exigi- 
neering thermodynamics, the open system with or without chemical 
reactions is the primary theme. The difference between these two engi¬ 
neering subjects lies in the emphasis given by the mechanical engineer to 
the production of power. 

Thermodynamics deals only with the macrostructure of matter and 
does not concern itself with events happening at the molecular level. For 
example, pressure, a macroscopic concept, is defined as the force per unit 
area at a point,but the point must remain relatively large compared 
with molecular dimensions, and the force exerted by the matter must be 
continuous. Thus the laws and concepts of thermodynamics are inde¬ 
pendent of either present or future theories on the ultimate nature of 
matter (although molecular models or theories will be introduced, occa¬ 
sionally, to help explain the macroscopic behavior). The microstructure 
of matter is studied in subjects such as kinetic theory or statistical mechan¬ 
ics (which includes quantum statistics)y and these subjects deal with large 
numbers of molecules (particles) and predict the average behavior of the 
group. Although thermodynamics includes the study of systems under¬ 
going chemical (and atomic) reactions, no information is obtained on 
reaction ratesy the subject of courses called chemical kinetics. 
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CHAPTER 2 


FUNDAMENTAL CONCEPTS 

Habit is a cable; we weave a thread of it 
every day, and at last we cannot break it. 

Horace Mann 


The concepts and definitions in this chapter are indispensable in the 
analysis of thermodynamic problems. For this reason, the material 
should be reviewed habitually by the student so that the full significance 
of each definition or concept can be thoroughly understood. 

2-1. Introductory Axioms. One of man's earliest observations was 
that a change could be made by exerting a force and that the product of 
force and distance was proportional to the expended effort. Thus, Jorce 
was recognized to be the driving factor for change, but the magnitude of 
the change depended upon a capacity for supplying force. This capacity 
is called energy: 

Energy is the capacity, either latent or apparent, to exert a force 
through a distance. 

The presence of energy is indicated by the properties of matter, that is, 
by macroscopic characteristics of the physical or chemical structure of 
matter such as its pressure, density, or hotness. The concept of hot versus 
cold arose in the distant past as a consequence of man's sense of touch or 
feel. Observations show that, when a hot and a cold substance are placed 
together, the hot substance gets colder as the cold substance gets hotter. 
The conclusion follows that energy is being transferred from the hot to the cold 
substance. Since the bodies are in intimate contact, the process is called 
conduction. Observations also show that the transfer of energy continues 
even though the bodies are not in contact and even when the space 
between the two bodies is evacuated. Descriptively, the transmission of 
energy through space is called radiation. But whenever energy flows 
from a hot to a cold body, changes occur in one or more properties of each 
body, such as the pressure, volume, electrical resistance, etc. However, 
it is soon found by experiment that none of these properties can serve as an 
explanation of the energy transfer. But the existence of the transfer of 
energy isy in itself, a proof that a difference exists in some fundamental 

15 
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'property which is common to both bodies. This fundamental dimension is 
called temperature: 

Temperature is the property which gauges the ability of matter 
to transfer energy by conduction or radiation. 

Thus, two bodies at the same temperature cannot change each other by 
the processes of either radiation or conduction. Since equilibrium means 
balance and temperature implies thermal^ two bodies at the same tempera¬ 
ture are said to be in thermal equilibrium. It logically follows that: 

Two bodies, each in thermal equilibrium with a third body, are 
in thermal equilibrium with each other. 

This axiom is sometimes called the Zeroth Law of Thermodynamics; it can 
as well be expressed by the observation that temperature is a fundamental 
dimension—a fundamental property. 

On the other hand, if a Zeroth Law is necessary, it should include not 
only temperature but all intensity factors of energy. Or, from a broader 
viewpoint, a Zeroth Law should announce that functional relationships 
tie together the properties of matter: 

The properties of matter are functionally related. 

Although the equivalence of mass and energy is well established, it is 
convenient in thermodynamic calculations to use the older concept that 
mass is conserved in ordinary processes since the change in mass in other 
than nuclear reactions is too small to be detected. Thus, energy in vari¬ 
ous forms is considered to be a companion of mass, for example, energy of 
mass motion, called kinetic energy; energy of mass position, called potential 
energy; and energy of mass composition, called internal energy. Internal 
energy, like pressure, density, and temperature, is a property of matter: 

A fundamental axiom of modem thermodynamics is that internal 
energy is a property of matter. 

This axiomt is sometimes reserved to be a part of the First Law of Thermo¬ 
dynamics (Chap. 4). 

All the forms of energy accompanying mass will be designated by the 
letter}: E (or e for energy per unit mass). The derived dimension for 
energy of all kinds is 

[E] = [LF] 

and the basic unit in this text is the foot pound force. 

t Although this axiom was not the first in the long history of thermodynamics, 
today it can serve as a logical starting point since it includes the pioneering work of 
Joule as well as the modern relativity laws of Einstein. 

t Capital letters designate extensive quantities; lower-case letters designate quan¬ 
tities per unit mass; see p. xix. 
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When changes in energy occur without mass transfer, the energy is pic¬ 
tured as “ flowing to or from the mass under consideration (for example, 
radiation) and the transitory forms of energy are called heat and work 
(Art. 2-13) (with the symbols Q and W to warn that these concepts are 
not tied to mass, as is the symbol E), 

2-2. Potential and Kinetic Energy. The external forms of energy are 
named potential energy (PE)^ or energy of position, and kinetic energy 
{KE), or energy of motion. 

Potential energy is restricted to gravitational energy, that is, energy 
arising from the elevation of a mass with respect to the earth. The 
gravitational attraction of the earth on the mass is the source of a force 
(the weight. Art. 1-5) which is proportional to the mass. 



This force can be exerted through a distance which is the elevation Z of 
the mass (since g is practically constant for small vertical displacements). 
Thus, energy of position equals 


PE = m^Z (2-1) 

9c 

[PE] = {LF\ 

Whenever a mass undergoes a change in velocity, a force is exerted, 

^ m m dV 

F = - a - -r- 

Qc Qc dr 

When the force is exerted over a distance AL, the change in energy is 
AE = rVrfL = f^FYdr = - r* VdV 

JLi Jt\ Qc J V\ 

The kinetic energy associated with the velocity V and the mass m is found 
by integrating the above equation from a velocity of zero to F, 

KE (2-2) 

^Qc 

[KE] = [LF] 

Before potential energy can be calculated, an elevation with an assigned 
value of zero potential energy must be arbitrarily selected. From this 
elevation, the height of the mass is measured, and the potential energy 
relative to this datum is calculated. In measuring kinetic energy, a similar 
procedure is indicated, although, usually, the datum is automatically 
selected by measuring velocities relative to the earth. The same datum 
must be retained throughout a given problem for each form of energy. 
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Example 1. Calculate the potential energy of 32.1739 Ibm at an elevation of 100 ft 
above an arbitrary datum of zero potential energy. 

Solution, From the FMLr system, 

Potential energy PE =* (gravitational force) (height Z) 

PE -m^Z - (32.1739 lb„) -2 (100 ft) = 3,217.39 -2 ft-lb/ Ans. 

Qc Qe 90 

(Note that g/gn is dimensionless but that g/g^ is not.) Checking the dimensions, 


PE = m^Z 
Sc 


[P£] 



[il ” [Lf 1 


and this is the correct dimension. In some cases mZ is incorrectly taken to be the 
measure of potential energy (and mV^I2g for kinetic energy), 


PE -^mZ ^ 32.1739(100) = 3,217.39 ft-lbm 

and this is numerically correct if g/g^t = 1.0 but dimensionally wrong because foot 
pound mass is not the dimension for energy. 

2-3. Internal Energy. All matter has energy arising from the motions 
and from the configurations of its internal particles. Such energy is 
called, quite descriptively, internal energy^ and the amount of internal 
energy is reflected by properties such as pressure, temperature, and chemi¬ 
cal composition. The symbol to designate internal energy is U or, for 
unit mass, u. 

Consider a mixture of air and gasoline vapor held under pressure and 
confined by a piston in a horizontal cylinder. Let the piston be connected 
by some means to an external load such that expansion of the mixture 
(but without ignition) will lift the load. Here internal energy of the mix¬ 
ture is transformed through the medium of pressure into potential energy 
of the load. The change in internal energy can be measured by the 
change in potential energy experienced by the external load. Examina¬ 
tion of the mixture before and after the expansion would show no change 
in composition but a definite change in characteristics such as pressure 
(and temperature). Since chemical composition remained constant, the 
change in internal energy is sometimes called a change in sensible internal 
energy. 

Let a small spark be used to ignite the gas-air mixture. A violent 
explosion will occur with the release of chemical internal energy far out of 
proportion to the energy of the electrical discharge, and a greater load 
than before can be lifted. 
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Suppose that the gas mixture is confined in the cylinder but with the 
pistpn locked in place. Suppose, too, that the temperature of the mix¬ 
ture is 600°F while the pressure is 200 psia. If this combination is sur¬ 
rounded by a water bath at 60®F, it is soon apparent that the water is 
increasing in temperature while the temperature (and pressure) of the 
mixture is decreasing. Here internal energy of the mixture is decreased 
by transfer of energy through the walls of the cylinder to the water bath 
because of a temperature difference. 

Consider, as the next example, the familiar lead storage battery. The 
current from the battery is called electrical energy to distinguish it from 
mechanical energy. But when the battery delivers energy, no matter 
the name, its stored energy’’—its internal energy—decreases. Chemi¬ 
cal changes occur in the battery corresponding to this decrease in internal 
energy. Some evidence of the change is shown by a hydrometer whereby 
the specific gravity of the acid solution is evaluated. 

Thus, whenever energy is withdrawn from a piston-cylinder combina¬ 
tion, from a battery, or from any other object under scrutiny, corre¬ 
sponding increases in energy appear in other objects. 

2-4. Units of Energy. One object of thermodynamics is to provide 
tools for evaluating energy of all kinds in terms of the more outward 
manifestations of energy, such as pressure and temperature (but coupled 
with a knowledge of the chemical composition). A datum can be 
selected (say 14.7 psia, 60°F) and the internal energy of a selected sub¬ 
stance can be arbitrarily assigned a value of zero internal energy per 
pound mass. Then, by measurements of the energy that need be 
transferred to change the temperature and pressure to new values, rela¬ 
tive values of internal energy (sensible) can be obtained. Similarly, the 
energy released or absorbed when a chemical reaction occurs can be 
measured, and the internal energy of the products relative to that of the 
mixture is obtained. Tables of data are thus compiled for the substances 
in common use, with, in general, pressure, temperature, and/or volume 
serving as parameters (see, also, Art. 8-1). 

The values of internal energy, relative to the arbitrarily selected datum 
of zero internal energy, could be recorded in units of foot-pounds, but a 
larger measure is more convenient. The International Steam Table 
British thermal unitli (IT Btu) is defined as 

778.16 (symbol, J) 


t In this text, the symbol Btu designates the IT Btu (and the prefix IT will rarely be 
attached). 
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This unit conversion factor is called Joule^s equivalent] and assigned, 
unfortunately, the symbol J. 

A still larger unit of energy is the international kilowatthoury 


3,412.76 


IT Btu 
int kwhr 


The assignment of a symbol J to a unit conversion factor is a pedagogical blunder, 
since the symbol implies a dimensional conversion factor. Unit conversion factors 
should not be indicated in equations. For example, internal energy (u) is usually 
given in Btu per pound mass units and p and v in pound mass, pound force, foot, and 
inch units. Then, when the addition of u and pv is indicated in a problem, the student 
may insist that J should be included. 


u + 


pv 



But, with this reasoning, since p is usually given in units of pounds force per square 
inch, another conversion factor, call it B, would also be required. 



If this procedure were to be followed, each equation might well be cluttered with 
many unit conversion factors! [On the other hand, dimensional conversion factors 
should always be included, in particular, our chameleon friend Qc (Art. 1-7).] 

2-5. Relativity Effects. With the development of the theory of rela¬ 
tivity, it became evident that mass and energy were different forms of the 
same fundamental phenomenon. Thus, the mass of a body is a measure 
of its energy content, and changes in mass accompany changes in energy 
from any cause whatsoever. The so-called ahsoluteX energy of mass is 
given by the Einstein mass-energy equation, 


E^'^c^ (a) 

Qc 

where m is the mass§ and c is the velocity of light. Thus, theoretically, a 
means is available for calculating the energy of a substance on an absolute, 
rather than on a relative, basis. 


t In honor of James Joule (1818-1889), an English scientist who, by his experi¬ 
mental work, helped to establish the principle of conservation of energy (the First 
Law of Thermodynamics, Chap. 4). 

t Absolute must be tempered somewhat since velocities, for example, are measured 
relative to the earth. Thus, Eq. (a) evaluates energy relative to the datum of the meas¬ 
uring devices, or relative to the observer. 

§ And mass is defined here as that which has inertia. (Linus Pauling: “Matter is 
anything or everything that cannot travel at the speed of light.”) • 
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However, the mass in Eq. (a) is not a constant but, rather, changes 
with its velocity V in accordance with the Lorentz-Fitzgerald equation 


m = mo —7=:.!--== (h) 

Vl - VVc' 

where mo is the mass at rest (the resti mass) and V is the velocity relative 
to the observer. Upon substituting Eq. (6) into (a) and expanding, 




+ 


2 Qc 8 16 Qc c* 


(c) 


The energy of a moving body equals the rest energy plus a term which 
corresponds to the usual expression for kinetic energy, plus higher-order 
terms—all arising from the increase of mass with velocity. These latter 
terms, however, are insignificant in engineering calculations wherein V is 
quite small relative to c (and therefore the mass is not measurably affected 
by velocity, and separate accountings of mass and energy are permissible). 

When a change in energy occurs, by Eq. (a), 

Am = -^ ffc (d) 


Because of the size of c^, the change in mass from heating a substance or 
from chemical reaction is very small, not detectable by the finest balance 
(but detectable in nuclear reactions). 

In following pages relativity effects will he ignored since the minute changes 
in mass are beyond the precision of engineering measurements. 


Example 2. (a) One mole of hydrogen and mole of oxygen are in a bomb at 

77°F. What is the absolute energy of this mixture if the total mass is exactly 18.016 
Ibm? (b) A chemical reaction occurs and the temperature and pressure increase. 
Calculate the change in mass, (c) The bomb is cooled back to its original tempera- 
cure and 94.4(10®) ft-lb/ of energy is transferred away from the bomb. Calculate 
the change in mass. 

Solution, (a) By Eq. (a), 


E 

U 


U 


mo 


c* * 


18.016 lb 


32.1739 

59.3(10“) ft-lb/ 


( 186,000 )' ( 5,280 -X', V 

lb,a ft \ sec / \ mile/ 


lb/ sec^ 
Ans. 


(b) No change in mass since the internal energy has only changed in form (electron 
bonding energy converted into primarily molecular motion). 


t In theory, the operational measurement of internal energy is simply to measure 
the rest mass of substance on a precise scale (and then multiply the value by a con¬ 
stant); the fact that modern scales are not sufficiently precise to make the measure¬ 
ment ddfes not destroy the logic. 
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(c) By Eq. (d) (note that At/ is negative since energy was taken from the bomb), 


At/ -94.4(10«)(32.J739) 
c« " (186,000)»(5,280)* 


-3.12(10-') Ib„ 


Ans, 


And the answers cannot be checked experimentally although the atomic bomb attests 
to the magnitudes involved. 


2-6. Conduction and Radiation, t Energy, in response to a temperature 
difference, is transferred by two basic mechanisms, called conduction and 
radiation. When conduction of energy occurs, a mass is the medium that 
serves as a conductor of energy from the high- to the low-temperature 
region (and therefore*a temperature gradient is the driving influence). If 
one end of a metal rod is thrust into a fire, the other end will gradually 
become hot; energy (but not mass) is transferred from the hotter end by 
conduction to the colder end. Substances also transfer energy by radia¬ 
tion. Radiation requires no intervening medium to serve as a conductor 
for the energy (and therefore a temperature difference is the driving 
influence). Energy is continuously radiated from all substances. A 
substance that is hot relative to its surroundings radiates more energy 
than it receives, while its surroundings absorb more energy than they 
radiate. The result is a net transfer of energy from the high- to the low- 
temperature region. 

In thermodynamics, it is sometimes convenient, but never necessary, 
to use the name convection to describe the transfer of energy from a hot to 
a cold region by mass movement of a fluid. A house can be warmed by 
passing cold air over a hot surface in a furnace to receive energy by con¬ 
duction (primarily), then by passing the hot air over the walls of the 
house to transfer energy again by conduction (primarily). Thus, con¬ 
vection is simply a descriptive name for a combination of events—it can 
be loosely defined as double conduction distinguished by the presence of 
a fluid carrier. 

2-7. The System. Before a change can be analyzed, it is essential 
that the participants, mass and energy, be known and included in the 
analysis; therefore, the region under study must be defined: 

The system is a specified region, not necessarily of constant vol¬ 
ume, where transfers of energy and/or mass are to be studied. 

Since both mass and energy may be added to the system, an especially 
important concept is the boundary^ or limits, of the system: 

The actual or hypothetical envelope enclosing the system is the 
boundary of the system. 




t Article 19-1. 
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All mass and energy transfers are evaluated at the boundary. The 
boundary may be either fixed or elastic if the system is allowed to expand 
or contract: 

The region outside the system is the surroundings. 

A system without mass transfer is called a closed system (Fig. 2-la): 

A closed system is a region of constant mass, and only energy is 
allowed to cross the boundaries. 

The closed system may be at rest or else moving relative to the observer. 
A closed system may be isolated from the surroundings: 

An isolated system cannot transfer either energy or mass to or 
from the surroundings. 

During the period of isolation, the system is therefore constrained to a 
fixed volume and a fixed energy content. 

Most engineering systems are open: 

An open system has a mass transfer across its boundaries, and 
the mass within the system is not necessarily constant. 

In Fig. 2-16, note that the boundaries where mass (and the energy accom¬ 
panying mass) enters or leaves the open system are fixed to the datum of 


-Energy transferred across boundary- 




Boundary free 
tomove^ 

L 


C 'cLosed^^ 
/ system\,^^ 

f Kmoss constontX^mk 

—! 

i *■ 

\ ! 

VOREN SYSTEM % 
\[mo5S not necessarily % 

^Mass 
\ leaving 

^ 1 

/ 

ur\ 


Fixed 

^Boundary free ^ 
to move 

—Energy transferred across boundary — 
because of moving shaft, or volume 
change, or potential difference, etc. 

Llj 

! ] 

1 1 

j boundary 


ia) 


potential energies 
parallel to ground 


Coordinates fixed in space 


Fig. 2-1. (a) Closed and (6) open systems. 

the observer and denoted by Li and L 2 ; other fixed-position coordinates L 
can also be located, if desired. The enclosing walls between Li and L 2 are 
not necessarily stationary, and through this enclosing surface energy (but 
not mass) can pass by conduction or radiation, or by expansion of the 
walls, or by a rotating shaft, or by flow of electrical energy, etc. Through 
the stationary flow boundary at Li (or L 2 ) energy enters (or leaves) the 
system in direct proportion to the mass which crosses the boundary. 
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(Although energy, without regard for the mass flow, can also pass through 
the surfaces at Li and because of conduction or radiation or the 
presence of electric or magnetic fields, these effects will be ignored as 
being insignificant for engineering systems.) 

2-8. Homogeneous and Heterogeneous Systems. A quantity of mat¬ 
ter, homogeneous throughout in chemical composition and in physical 
structure, is called a phase. Homogeneity in chemical composition does 
not imply a single chemical species, for a mixture of gases or a solution is 
a phase. Homogeneity in physical structure specifies that the material 
is all gas, all liquid, or all solid. A system of water and its vapor (steam) 
contains two phases: a gas and a liquid phase. In all instances, phase 
signifies no abrupt change in either chemical or physical characteristics. 

A system comprising a single phase is called a homogeneous system, 
while a heterogeneous system consists of more than one phase. 

2-9. Components, Constituents, and Pure Substances. The chemical 
species making up a phase or a system are called either components or 
constituents. The names are synonymous when chemical changes are not 
present. Precisely, however, a constituent is a particular chemical species 
in molecular, atomic, ionic, or radical form. Since these forms of matter 
could all result (by dissociation, for example) from a single molecular 
substance (a single component) j the amount of each constituent could 
bear a definite relationship to the amounts of other constituents—a 
constituent is not necessarily an independent variable. A component is 
also a constituent, but its amount can be independently varied without 
changing the amounts of the other components. 

In this text, the name pure substance describes a substance with essen¬ 
tially one chemical structure (and, in general, molecular structures will 
be studied). Note that a heterogeneous system of one or more phases of 
a pure substance will be uniform throughout in chemical composition: 

A pure substance is a particular chemical species. 

(One-constituent system of one or more phases) 

2-10. Equilibrium. The equilibrium of a mechanical system is a 
condition of balance maintained by an equality of opposing forces. 
Thermodynar^ic equilibrium, however, is a broader concept since it 
includes not only mechanical forces but also ‘Torces” arising from 
thermal, electrical, chemical, and other influences. Each kind of influ¬ 
ence on the system dictates a particular aspect of thermodynamic equi¬ 
librium : thermal equilibrium denotes an equality of temperature; mechan¬ 
ical equilibrium denotes an equality of pressure ;t electrical equilibrium 
denotes an equality of electrical potential; phase and chemical-reaction 

t Unless weight effects are present, as in a vertical column of fluid. 
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equilibria denote an equality of chemical potentials. Thus thermody¬ 
namic equilibrium is complete equilibrium: 

A system in thermodynamic equilibrium is incapable of spontane¬ 
ous change even after being subjected to catalysts or to disturb¬ 
ances ; it is in complete balance with the surroundings. 

Consider again the examples in Art. 2-3. The gasoline-vapor-air 
mixture in the cylinder is in mechanical equilibrium when its pressure is 
constant throughout and balanced by an opposing force in the surround¬ 
ings. Similarly, the mixture is in thermal equilibrium when its tempera¬ 
ture is constant throughout and balanced by an equal temperature of the 
surroundings. On the other hand, the gasoline-vapor-air mixture is not 
in chemical equilibrium since a small spark may cause a violent explosion. 
Here it seems logical to conclude that, since latent chemical energy was 
released by a small disturbance (the spark), a chemical force must also 
have been lying dormant in the mixture. 

The absence of chemical equilibrium may be an unimportant detail of a 
particular problem. For example, suppose the problem is to find the 
variation of pressure with temperature (at constant volume) of a specified 
mixture of CX), CO 2 , and O 2 . If this system of fixed constituents is said 
to be in equilibrium^ it is implicitly understood that only pressure and 
temperature equilibria are designated. 

2-11. Property, State, and Process. Consider an isolated system in 
equilibrium. Here energy or mass transfers with the surroundings are 
absent, since the system is isolated, and gradients in temperature, pres¬ 
sure, composition, etc., are, in general, absent, since the system is in 
equilibrium. The system, however, would have many other character¬ 
istics, more or less observable, such as its mass, physical composition, 
pressure, temperature, volume, surface area, electrical potential, etc. In 
addition, a host of other characteristics could be definedf or else indirectly 
measured, t All these characteristics have different dimensions and are 
the variables called internal^ or thermostatic^ 'properties: 

An internal, or thermostatic, property is a characteristic of the 
matter within the equilibrium system. ^ 

Thus, the class of variables called internal^ or thermostaticy properties 
is restricted, arbitrarily, to those equilibrium characteristics of the 
physical and chemical structures of matter; gradients in these properties 
and energy or mass transfers with the surroundings are therefore not 
properties. 

t For example, the temperature divided by the pressure is a characteristic. 

t Chemical composition, internal energy, electrical and thermal conductivity, etc. 
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The concept of an open system (and also that of a closed system in 
motion relative to the observer) requires that another class of variables 
be defined— external^ or mechanical^ properties: 

An external, or mechanical, property is a characteristic of either 
the motion or the position of the system in a gravitational field. 

The external, or mechanical, properties are related to the kinetic and 
potential energies of the system (velocity, height, kinetic and potential 
energies); the internal, or thermostatic, properties are related to the 
internal energy. Both classes of properties are called properties of the 
system. 

Several reference locations or datums may be required to evaluate the 
properties of the system: 

The thermostatic properties of the system are measured by an 
observer at rest relative to the substance. 

Thus, if motion is present, the observer is considered to be traveling with 
the substance (and therefore measuring quiescent matter). 

The mechanical properties of the system are measured relative to 
external datums. 

Thus, the height and velocity of the system or substance are measured by 
an observer located outside the system. The effects arising from the 
different reference locations are usually not important since differences in 
energy values are invariably calculated. 

Intensive properties are independent of the mass of the system: pressure, 
temperature, viscosity, velocity, height, etc. Extensive properties are 
related to the mass of the system: volume, energies of all kinds, surface 
area, etc. Specific^ values of extensive properties, that is, values per unit 
mass, can also be called intensive properties. 

The system can be described or measured at each instant of time by its 
properties. Each unique condition of the system is called a state: 

State is the condition of the system (or a part of the system) at an 
instant of time as described or measured by its properties. 

Thus, state denotes not a change but particular values of the properties 
at one instant of time. 

If the system is not in equilibrium or not homogeneous, no single state 
can be assigned. In the case of open systems, the “state of the system'^ 

t Specific volume, specific internal energy, etc. In the following pages, specific 
values are most often implied, although the prefix specific will not always be shown 
(except, invariably, for specific volume). 
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is rarely implied; rather, the intensive state at each position coordinate of 
the region is specified by the values of the intensive properties. 

The system can pass from one state to another state or undergo energy 
transfers at a steady state by a process: 

A process occurs whenever the system undergoes either a change 
in state or an energy transfer at a steady state. 

Since a thermostatic property is merely a parameter of the internal 
structure of matter, it is axiomatic (Art. 2-1) that functional relation¬ 
ships must exist between all thermostatic properties: 

A thermostatic property is a function of other thermostatic 
properties. 

On the other hand, the mechanical properties are not functionally 
related to each other or to the thermostatic properties. No function can 
be proposed, for example, that would enable the kinetic energy to be 
calculated from specified values of potential and internal energies. This 
difference between the external and internal properties of a system arises 
because the mechanical properties of velocity and elevation have been 
arbitrarily superimposed upon the system and declared to be independent 
by definition. 

An independent property, as the name implies, is one that can be 
arbitrarily assigned a value. For example, water at constant pressure 
can be heated from the freezing point to the boiling point. Within this 
range, both temperature and pressure can be assigned values at will— 
each is an independent property. When boiling begins and two phases 
are present, only one of these two properties can be an independent 
variable (and the other is called a dependent variable), because the value 
of one fixes the value of the other. Also, some properties are dependent 
on other properties by definition. Thus the specific volume v is defined 
as the reciprocal of the density p. 

It follows from the concept of state that each thermostatic property can 
have but one value at each state (since state fixes the physical and 
chemical structure). The mechanical properties have this same quality 
(since state fixes specific values to both kinetic and potential energies). 
Therefore, all properties are state or point Junctions: 

A property has a single value at each equilibrium state—it is a 
function of the state. 

To recognize that a variable is a property, one of the following tests 
can be applied: 

A variable is a property if, and only if, it has a single value at 
each equilibrium state. 
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A variable is a property if, and only if, its change in value between 
two equilibrium states is independent of the process (is single¬ 
valued). 

A variable is a thermostatic property if, and only if, it is a func¬ 
tion of other thermostatic properties. 


To illustrate the concept of property, a number of new properties will 
be defined (and their usages left for future development). Enthalpy is 
defined as 

H ^ U + pV (2-3a) 

or, per unit mass. 


h = u + pv 


(2-36) 


The properties Cp (called c sub p) and (called c sub v) are defined only 
for chemically inert systems. 


“ ar/p " df). 


(2-4a) 


The property k is simply the ratio 





(2-46) 


To illustrate that c*, (or Cp) is a property, picture the function u = y{T,v) 
as a smooth surface in three dimensions. Any point on this surface 
represents a state of the inert substance. Only one tangent line (lying 
within a plane v = C) can be drawn through a given point on the surface, 
and therefore Cv, which is the slope of this tangent, has a single value at 
the equilibrium state. 

The reason for defining these properties is entirely for convenience— 
the notation can be simplified in certain types of problems. 

2-12. Fixing and Identifying the State. Consider a single-phase 
thermostatic system of several constituents in temperature and pressure 
equilibria (but not in chemical equilibrium). The variables for the sys¬ 
tem are the mass, pressure, temperature, volume, and chemical composi¬ 
tion, although other variables such as surface tension may be a factor, or 
the system may be charged or magnetized. To interrelate all the possible 
variables is a practical impossibility; hence, the number is reduced by the 
experimental procedure. Thus, the mass of the system can be held 
constant so that the properties of mass and volume can be replaced by 
specific volume, the chemical composition can be held constant, a large 
mass relative to the surface area can be used to make surface tension a 
negligible factor, and the experimental system can be guarded from 
electric or magnetic fields. With these provisos, 

Kp.vJ) = 0 


(a) 
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Equation (a) in its various forms is called the equation of state for liquids, 
gases, and solids. Observe that the number of independent thermostatic 
properties has been arbitrarily reduced to twoy for convenience. 

Despite its name, Eq. (a) is an incomplete description of the state 
since no knowledge of other properties is given. The internal energy, 
for example, must be experimentally determined and expressed in terms 
of two of the variables of Eq. (a) for each phase, 

/Kp,t) = 0 (b) 

It will be apparent in Chap. 7 that for all states of a pure substance, with¬ 
out regard for phase, two independent properties can be selected (such as 
specific volume and internal energy, for example) such that the state is 
fixed. Since more complex systems are mixtures of pure substances, the 
same rule holds, in general, for all systems if the components are not 
allowed to vary in amount: 

The equilibrium states of a simplef system are fixed by two 
intensive properties. For the homogeneous system, any two 
independent properties will suffice. For the heterogeneous sys¬ 
tem, two selected independent properties are required. 

Also, a mechanical property is required for each external energy effect to 
be superimposed. 

Consider, next, the number of variables required to identify a thermo¬ 
static system. For the equilibrium states (extensive) of a simple system, 
at least four properties are required: 

The chemical composition 

The mass 

Two thermostatic properties which fix the state 

If the two thermostatic properties are not carefully selected, the physical 
composition may also be required. 

2-13. Heat and Work. Consider a system which contains, within 
itself, hot and cold regions. Here energy, because of the temperature 
difference, will transfer from the hot to the cold region by conduction, 
radiation, and/or convection. In the subject of heat transfer, such 
transitory forms of energy are called heat. In thermodynamics, how¬ 
ever, the name heat is assigned only to energy, but not mass, passing to or 
from the surface of the system: 

Heat is energy transferred through the surface of the system by the 
mechanisms of conduction and radiation. 

t In the absence of gravitational, kinetic, surface, electrical, or magnetic effects and 
with constant components. 
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Note that the process of convection is not included since convection 
involves a mass flow and the energy accompanying mass will be evaluated 
separately. Thus, quite arbitrarily, heat is defined as a surface effect: 

Heat is energy transferred, without transfer of mass, across the 
boundary of a system because of a temperature difference 
between system and surroundings. 

Observe that the process of conduction (but not radiation) dictates a 
temperature gradient at the boundary of the system. 

With this definition, it is wrong to speak of heat contained in a system— 
the correct phrase is internal energy. Nor can heat be carried by a mass 
flow since heat is a concept divorced from mass. 

Processes or systems that do not involve heat are called adiabatic. 

Work, like heat, is transitional in nature and cannot be stored in mass 
or in a system. Work exists or occurs only during a transfer of energy 
into or out of a system and, like heat, is a surface concept. After the 
work is done, no work is present, only the result of the work: energy. A 
general definition for all forms of work can be made by paraphrasing the 
definition for heat: 

Work is energy transferred, without transfer of mass, across 
the boundary of a system because of an intensive property differ¬ 
ence other than temperature that exists between system and 
surrotmdings. 

The usual intensive property encountered in engineering problems is 
pressure. The pressure on the surface of the system gives rise to a force, 
and the action of the force through a distance is the concept called 
mechanical work: 

Mechanical work is energy alone crossing the boundary of a sys¬ 
tem in the form of a force acting through a distance. 

Since electrical energy can be completely converted into mechanical work 
by a perfect motor, electrical work is simply electrical energy crossing the 
boundary of the system (Art. 6-1). 

The symbolst for heat and work will be Q and W and the dimension 
that of energy. Although heat, work, and energy have the same dimen¬ 
sion, only energy is a property of a system. Heat and work are not prop- 

t Page xix. The symbols aQ and AlT were used by Clausius (1850), by Rankine 
(1849), and occasionally by Gibbs (1880). 
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erties because they appear only when a process occurs and disappear when 
the process is completed. The algebraic signs for heat and work are as 
follows: 

+AQ, heat to system +ATT, work from system 

— AQ, heat from system —ATT, work to system 

PROBLEMS 

1. Calculate the potential energy (Btu) of 1 Ibm at an elevation of 100 ft above a 
datum of zero potential energy if (a) g =31 ft/sec ^ (b) g = go. 

2 . Determine the kinetic energy and the final velocity obtained by transformation 
of the potential energy of Prob. 1 without loss. 

8 . Convert 2,000 ft-lb/ into IT Btu and international kilowatthours. 

4 . Are the following systems homogeneous or heterogeneous? 

(a) A mixture of ice, water, and steam. 

(b) The cooling fluid in the radiator of your car. 

(c) Atmospheric air. 

(d) A mixture of hydrogen and oxygen. 

6. List the components and/or constituents in Prob. 4, and decide whether or not 
the name pure substance is applicable. 

6 . For each system of Prob. 4, list, to the best of your knowledge, the properties 
that could be used to fix the state and to identify the state. Are these intensive, 
extensive, thermostatic, independent, or dependent properties? 

7. Let the hot gas (3 Ibm) in a balloon be the system which is moving through the 
atmosphere. Sketch and label the following properties: potential, kinetic, and internal 
energies; pressure, temperature, volume, velocity, and height of the balloon. Make 
lists of the thermostatic, independent, dependent, intensive, and extensive properties. 
Use the names intensive, extensive, and thermostatic state in a discussion. 

8. Draw diagrammatic sketches of the following systems and emphasize the 
boundaries. Label open (or closed) system, boundary, surroundings, and show the 
directions of heat and work by arrows. 

(а) Water pump 

(б) Pressure cooker 

(c) Water wheel 

(d) Thermometer (system) and higher- 
temperature surroundings 

(e) A baseball in flight 
if) Steam boiler in house, including all 

piping and radiators 

9. Discuss the concept of function (Art. A-6c). In Prob. 7, let fip,v,T) = 0 be 
known for the gas. Will this function always hold for the gas as the balloon changes 
its state in any arbitrary manner? Why cannot a function fiPE,KE,U) = 0 be 
devised which would also hold? 

10. Discuss why enthalpy is a property. Is it necessary to ascribe a physical 
meaning to this new property? 

11. A substance has an internal energy of 100 Btu /Ibm, a pressure of 100 psia, and 
a specific volume of 5 ftVlbm. Calculate the specific enthalpy. 


ig) Automobile engine 
(^) An ice-cream freezer (manual crank 
operation) 

(i) A dashpot consisting of cylinder, 
piston, and contained air 

(j) An automobile storage battery with 
leads 
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CHAPTER 3 


TEMPERATURE AND THE IDEAL GAS 

For bragging time is over, 
and fighting time has come. 

Sir Henry Newboli 


Temperature has been defined as the property which measures the 
ability of the system to transfer energy by conduction or radiation. 
With this definition and the Zeroth Law (Art. 2-1), reproducible levels of 
temperature can be readily distinguished, such as the melting or boiling 
points of pure substances at specified pressures. The objective of this 
chapter is to devise a rational scale of temperature: 

A temperature scale is an arbitrary set of numbers and a method 
for assigning each number to a definite level of temperature. 

The method prescribed by the temperature scale requires that a ihermome- 
ter be invented: 

A thermometer is a measuring device which yields a number at 
each thermal level, and this number is functionally related to the 
true temperature (another number). 

3-1. Specifications for a Temperature Scale. Since temperature is a 
property, it is a variable that can have but one value at each equilibrium 
state of the system. Therefore, the essential ingredient of a temperature 
scale is this: 

A function of the variables of the thermometer must be devised 
that will give a unique number at each and every temperature 
level of the system. 

Pedagogical objectives can also be included: 

The temperature scale should be independent of the properties of any 
substance. 

The size, of a unit of temperature, the degree, should have a raiional 
interpretation. 
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A region of minimum iemperaturCj an absolute zero, should be 
defined. 

That all these specifications can be fulfilled, however, will not be apparent 
until later (Chap. 7). 

The size of an interval of temperature could be arbitrarily established 
without defining completely the temperature scale by assigning numbers 
to two fixed points. Examples of fixed points are: 

Ice point: the state of equilibrium between ice and air-saturated 
water at a total pressure of 1 atm 

Steam point: the state of equilibrium between water and its vapor 
at a pressure of 1 atm 

Triple point: the state of equilibrium between liquid, vapor, and 
solid phases 

3-2. Thermometers and the Properties of Materials. The usual 
thermometers are based upon the measurement of properties, such as the: 

1. Volume expansion of gases, liquids, and solids 

2. Pressure exerted by gases 

3. Electrical resistance of solids 

4. Vapor pressure of liquids 

5. Thermoelectricity 

Thus, the number a indicated by the usual thermometer depends upon: 

1. The particular substance or substances used 

2. The property or properties being measured 

3. The design or construction of the instrument 

Now, for any two (or more) thermometers A and B which yield num¬ 
bers a A and at the same temperature level, a common temperature 0 
can be proposed, at least over a limited range, 

0 = jA^OtA) — faio^s) 

But since temperature is a property, and therefore a function of other 
properties, the Zeroth Law announces that more general functions exist, 
valid over any range whatsoever, 

T = fAA{xA,yAy etc.) = fsaixByyBy etc.) (3-1) 

wherein x, y, etc., are thermostatic properties of the substances. The 
problem is to devise a temperature scale (and a thermometer) based upon 
the properties of substances to obey Eq. (3-1). Such a scale can be called 
a thermodynamic temperature scale based on the Zeroth Law. 
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3-3. Incomplete Temperature Scales. Consider a mercury-in-glass 
thermometer which is calibrated to read temperatures of 32 and 212®F 
at the ice and steam points, respectively. Let the scale be arbitrarily 
divided into 180 parts, and suppose that the reading at an intermediate 
thermal level is n — 32® + 38 units of length. Here the property 
primarily in use is the volume expansion of mercury with temperature, 
but other factors are also present. Thus, various glasses have different 
expansion coefficients, and the construction of the thermometer also 
affects the reading. Also, pressure can squeeze the glass bulb and so 
cause the reading to increase with pressure increase. It can be concluded 
that a thermometer of this type is too arbitrary and capricious to be 
used to define a temperature scale [although mercury thermometers are 
quite precise today when corrections (from calibration tests) are applied 
to the readings]. 

Essentially the same comments, but in minor vein, can be made for all 
thermometers which are based upon a single property, such as the pressure 
of a gas at constant volume or the electrical resistance or thermoelec¬ 
tricity of metals at constant pressure and strain. Here, changes in prop¬ 
erties that can affect the reading are not included in the definition of the 
scale—the scale is incomplete. 

3-4. The Gas Scale of Temperature. Although incomplete scales can 
be made complete, it would seem that the resulting functional relationship 
among the independent properties would be quite complex and a tempera¬ 
ture scale would necessarily be defined in terms of one particular sub¬ 
stance. But when gases are investigated, a particularly simple solution 
becomes apparent and a fundamental relationship is found to exist among 
all gases. 

Experience shows, when extraneous effects are eliminated (Art. 2-12), 
that the equation of state for a gas is of the form f{pjV,T) = 0. This 
function may be extremely complicated. To find cases where the rela¬ 
tionship is simple, suppose that the values of pressure and specific 
volume are investigated at constant temperature for various gases. (And 
a constant temperature can be maintained at this stage even though the 
proper number to assign to it is unknown.) Let air be confined in a 
cylinder by a piston and the assembly placed in a water bath which is 
held at constant temperature. The piston can be moved to various 
positions so that a series of states at constant temperature and known 
(measured) pressure and mole volume can be visited. At first, the 
relationship between the values of p and v at each state is obscure. But 
as the pressure decreases, it becomes apparent that the product pv is 
rapidly approaching a constant value. The limiting value is found by 
plotting the data and extrapolating to zero pressure (Fig. 3-la). When 
the experiment is rerun at a higher temperature, the pv product again 
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approaches a constant value, but now the value is larger than before. At 
each selected thermal level,t a unique value for the pv product is obtained. 
Interestingly, the same behavior and the same numerical value of pv 
(as p —> 0) at each thermal level are obtained when the air is replaced 
by another gas. The experiment^ clearly show that the pv product of 
real gases, when extrapolated to zero pressure, obeys Eq. (3-1): 

T = /(a) = (3-2) 

real gases 

The importance of Eq. (3-2) can be realized by noting its significance with 




Fig. 3-1. (a) Behavior of pv produot of real fluids; {h) t))e “zero,” or minimum, value 
of temperature on an arbitrary gas scale (mole specific volume). 

respect to the specifications for a temperature scale (Art. 3-1). In par¬ 
ticular, note that: 

1. A variable has been discovered which has a unique value at each 
temperature. 

2. The variable has a wide but not unlimited range. 

3. The range of the variable includes only positive numbers (if negative 
pressures or volumes of gases are conceded to be impossible). 

4. The variable is independent of any one substance. 

On the other hand, the solution offered by Eq. (3-2), while good, is not 
perfect. An indication of the fault is that all gases condense to the liquid 
state at low temperatures and test pressures and, at high temperatures, 
gases dissociate, and experimental measurements are open to question. 
Once the range J of f{pv) is exceeded, temperature is again undefined 

t The various thermal levels can be distinguished by a mercury thermometer, for 
example. 

t About 1 to 1850°K. 
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and cannot he measured^ although the zero point j can be located (Fig. 
3-16). This collapse can be directly traced to the fact that the proposed 
temperature scale is tied to the specific properties of gases, and therefore a 
universal solution is not achieved (and this solution, found later in 
Chap. 7, includes and amplifies, but does not destroy, the gas scale of 
temperature). 

The next step is to select a function of the product pv in Eq. (3-2) 
and thereby define a temperature scale—a gas scale. An infinity of 
functions are available. One simple selection is 


fipv) = f 

/to 

where T^o is the universal gas constant. Then the definition of what is 
called an ideal-gas temperature scale is 


T = 


FL 

Jp—>0 

real gases 


(3-3) 


Rather than specify Ro, the absolute temperature of the triple point of 
water is fixed by international agreement to be 


^ 273.16“K 

point 


on a temperature scale called the Kelvin temperature scale. [It will be 
shown, later, that the ideal-gas scale agrees with the Kelvin scale (Art. 
7-2).] Then Rq is evaluated from experimental values of pv for real gases 
made at the temperature of the triple point of water, 


^0 


P^triple point 

273.16“ 


p—»o 

real gases 


(3-4) 


Values of Rq for various units are listed in Table B-8. 

The Celsius (formerly centigrade) scale is defined relative to the Kelvin 
scale, 

/(°C) - T CK) - 273.15° 


Thus, the zero of the Celsius scale (which is closely the temperature of the 
ice point) is, by definition, 0.01° below the triple point of water. Within 
the accuracy of experimental measurements, the steam-point temper¬ 
ature is 373.15°K. Thus, the interval between ice and steam points is 
100.00°C, although this value is subject to change (slight) as measure¬ 
ments become more precise. 


fWith the stipulation of (3) above, the zero of the gas scale could be called a true, 
or absolute, zero even though temperatures from 0 to 1°K are not measurable. 
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A temperature scale in general use in engineering has degrees hve~ninths 
the size of the Kelvin degree. It is called the Rankine temperature scale, 

T^tripie = 491.688‘^R 

point 

Values of /?o to correspond to this scale are listed in Table B-8. 

The Fahrenheit scale is defined in like manner to the Celsius scale, 

t CF) = T (°R) - 459.67° 

Thus, the ice point on the Fahrenheit scale is closely 32°F, the triple point 
is exactly 32.018°F, and the steam point is closely 212°F. 

3-6. The Ideal, or Perfect, Gas. Since each gas has a unique internal 
structure, it also has a unique equation of state (Art. 2-12). But as 
pressure approaches zero, the pv products of all gases at a given tempera¬ 
ture approach the same value (Fig. 3-la); therefore, all equations of state 
tend toward a common function. In addition, the effect of pressure on 
the internal energy of gases decreases rapidly with decrease in density and 
disappears as the density approaches zero. It follows that at the state of 
vanishing density, here called the ideal or perfect state, all gases behave 
similarly—behave ideally. This suggests a new concept—an ideal, or 
perfect, gas that will behave ideally at all densities: 

1. An ideal or perfect gas obeys the equation of state pv = R^T. 

2. The internal energy of an ideal gas is a function of temperature 
alone. 


Another thought can be added: to create an ideal-gas model of each real gas. 
Thus, the ideal-gas model of oxygen, for example, obeys the equation of 
state pv = RqT and its internal energy is a function of temperature alone 
while its molecular weight is 32. 

The equations of an ideal gas lead to simple solutions, and therefore 
such solutions are convenient approximations for many engineering prob¬ 
lems. Note that the mole and pound mass units are related by the 
molecular weight M, for example. 



Therefore, the ideal-gas equation of state (with v in cubic feet per mole) 


pv 


pv = 


Rq 

M 


RoT 

(3-5o) 

T = RT 

(3-56) 


can also be shown as 
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wherein v has different units (cubic feet per pound mass) from those in 
Eq. (3-5a) and R is called the specific gas constant, 



(3-6a) 


Most often, Ro will be specified with the following units (Table B-8): 


Rq = 


1,545 


lb/ ft 
mole °R 


(3-66) 


Equations (3-5a) and (3-56) can also be written 


pV = nRoT (3-5c) 

pV ^ mRT (3-5d) 

(And the usual units will be n lb moles, m Ib^, V ft*.) 

For processes of either real or ideal substances, the initial and final 
states can be connected by an equation of the form 


PlVl” = = C 


(3-7a) 


where in n is a constant called the polytropic exponent. 
it follows from Eqs. (3-5a) and (3-7a) that 



For an ideal gas, 


(3-76) 

(3-7c) 


It may happen that all states encountered in the process obey Eqs. (3-7). 
Then, for an ideal gas, 


n = 0 (constant-pressure process) 

n = 1 (constant-temperature or isothermal process) 
n = 00 (constant-volume process) 


A Joule, or free, expansion is the name given to a process devised by 
Joule in 1843. Joule took two containers, which were connected together 


by a valve, and immersed them in a 
water bath (Fig. 3-2). One of the 
containers was evacuated, while the 
second container was filled with air 
at 22 atm pressure and at the bath 
temperature. Now, when the valve 
was opened, the air rushed into the 
evacuated container, with a conse¬ 
quent radical drop in pressure. But 
when temperature and pressure equi¬ 
libria of the air had been restored, 



Fig. 3-2. Joule’s free-expansion experi¬ 
ment. 
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Joule could detect little or no change in the bath temperature. He 
reasoned that the air had passed from state 1 (pi,Ti) to state 2 (p 2 yTi) 
without change in internal energy, since no work was done and no heat 
was transferred, as shown by the constancy of the bath temperature. 
Joule concluded that, since pressure (or specific volume) could be changed 
without changing the internal energy, then the internal energy of air 
is a function of temperature alone. 

Let the air remaining in the originally charged container be called system A and 
the air displaced into the evacuated container be called system B. Then, toward the 
end of the process, system ^ is at a low temperature since it had to do work to dis¬ 
place system B. Correspondingly, toward the end of the process, system B is at a 
high temperature because work was done on this system. For both systems A and 
B considered together, no work was done, and the cooling of system B was counter¬ 
balanced by the heating of system A, and therefore the bath temperature did not 
change. Thus, if u = f{T,v) (Art. 2-12) and here duldv)r = 0, then u — f{T). 

With more precise apparatus, it is found that a small drop in tempera¬ 
ture is actually present for the conditions of Joule^s experiment (a fraction 
of a degree). Thus, although the internal energy of gases is a function of 
both temperature and pressure, the effect of pressure is usually small. 
The important point is that, when the Joule experiment is repeated at 
lower and lower densities, the small effect of pressure becomes even 
smaller and disappears upon extrapolation to the limiting case of zero 
pressure. It can be concluded that for the ideal gas the internal energy 
is a pure temperature function. This statement is called JouWs law: 

The internal energy of an ideal gas is a function of temperature 

alone. 


Or, mathematically. 

And from Eqs. (2-4a) and (3-8a), for inert gases, 

c = — 1 

^ dT] ideal gas 

The property of enthalpy (Art. 2-11) is defined as 


(3-8o) 


(3-8b) 


h = u + pv (2-3fc) 

h'or the ideal gas, pv = RT] therefore, 

h = u+RT\,, (3-8r) 

J ideal gas 

Equations (3-8a) and (3-8c) proclaim: 

The enthalpy of an ideal gas is a function of temperature alone. 
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It follows from Eqs. (2-4a) and (3-8c) that, for inert gases, 

And, with Eqs. (3-8?^) to (3-8d), 

Cp — c„ = R or i^ol , (3-9) 

Jidcal gas 

Hence, it is not necessary to list temperature functions for both Cp and c» 
since one differs from the other by a constant. (For real gases the differ¬ 
ence between Cp and is never less than R but may be much greater 
because of pressure.) 


For real substances, the properties of h, u, Cp, and Cv are functions of both tempera¬ 
ture and pressure, and extensive tables or graphs of functions are necessary for evalua¬ 
tion (Appendix B). However, in many instances the effect of pressure (density) can 
be neglected. In Fig. B-1 values of Cp, c®, and fc for air are shown. Note that for tem¬ 
peratures above 400°F the effect of pressure on Cv is almost imperceptible (at least 
for air). For temperatures above 1000°F and pressures less than 500 psi, the zero- 
pressure t values for Cp, in general, are less than 2 per cent low. On the other hand, 
Cp for carbon dioxide at 100°F and 500 psi is 14 per cent higher than the zero-pressure 
value (Fig. B-2c). These comments suggest that the ideal-gas relationships can be 
used for approximate solutions of engineering problems and that, many times, the 
answers will be within the precision demanded by the problem. 

It is usual to list temperature functions for the ideal-gas property of Cp 
(Table B-2) since values of Cv can be found from Eq. (3-9) and values of 
Uid by integration of Eq. (3-86), 

CvdT 

Similarly, A/iid can be found from Eq. (3-8d). Arbitrary datums are 
selected where u and h are declared to be zero. 

The conclusions of this article apply also to mixtures of ideal gases. In 
a mixture, the total pressure arises from the several constituents; there¬ 
fore, each constituent is said to develop a 'partial pressure. In calculating 
the internal energy or enthalpy of a constituent of j 
pressure is unimportant, since the internal energy of 
only upon temperature. 

PROBLEMS 

Atmospheric pressure is 14.7 psi 'L fi\ ¥ 

1 . What do you consider to be the most important specification for alESWjperature 
scale? 



t The concept of zero pressure is highly unreal, and therefore the notation should 
be interpreted to mean limiting values: the ideal state. 
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2. Discuss what is meant by an incomplete temperature scale. How can such a 
scale be made complete? 

3 . Compare the ideal-gas temperature scale with the specifications listed in Art. 3-1. 

4. Is the ideal-gas temperature scale an arbitrary scale? Discuss. 

6. Suppose that only one gas in the entire world can be found that exhibits a dif¬ 
ferent number for the pv product at each thermal level but then only between the ice 
and sulfur points. Decide whether the absolute zero is affected. Can temperatures 
below 0°C be measured? Would you say that a temperature on this scale is not a 
universal property of all substances? 

6 . Decide whether the pv product at the ice point for any gas {v in mole units) is a 
universal constant. Discuss. 

7. Why was the constant i?o included in the ideal-gas equation of state? 

8. Explain the difference between a universal and a specific gas constant. Are two 
symbols desirable? 

9. Define a perfect gas. Why can gases such as air, steam, carbon dioxide, etc., 
be considered perfect? 

In the following problems, the answers are to be based upon the assumption that the 
gases can be considered to behave ideally. 

10. A volume of 3 ft^ of gas under atmospheric pressures has the pressure doubled 
while the temperature remains constant. What is the final volume of the gas? 

11. A volume of 5 ft* of gas at 200°F and 20 psia is expanded at constant pressure 
to a final volume of 10 ft*. Determine the final temperature. 

12. If the gas in Prob. 11 is air, how many pounds (and moles) are present? Repeat, 
assuming that methane is the fluid. 

15. A pound of air at a pressure of 100 psia and temperature of 60®F is to be stored 
in a tank. How large must the tank be? Repeat, assuming that methane is the fluid. 

14. A tank containing nitrogen at 60 psig and 60°F is exposed to the sun and absorbs 
radiant energy until the temperature is 130°F. Calculate the final pressure. 

16. A 10-ft* tank contains hydrogen at 20 psia and 60°F. Hydrogen is pumped 
into the tank until the pressure is 100 psia and temperature 150°F. How much 
hydrogen was pumped into the tank? 

16. A reservoir contains 100 ft* of carbon monoxide at 1,000 psia and 100°F. An 
evacuated tank is filled from the reservoir to a pressure of 60 psia and temperature of 
60°F, while the pressure in the reservoir decreases to 900 psia and the temperature 
to 80°F. What is the volume of the tank? 

17. A tank contains air at 100 psia and 60®F. A pound of air is removed from the 
tank, and this causes the final conditions in the tank to be 50 psia and 50°F. Calcu¬ 
late the volume of the tank. 

18. A pound mass of air at a temperature of 100°F is raised to 500°F at constant 
volume. Find the internal energy at both states if the datum of zero internal energy 
is 0°F (use Table B-2). 

19. For the conditions of Prob. 18, find the enthalpy at both states. Locate the 
state of zero enthalpy. 

20. Find the enthalpy of air at several temperatures between 0 and 100°F, and plot 
with h as the ordinate and T as the abscissa (use Table B-2). Construct a curve 
passing through these states and also a tangent to the curve at 50°F. Calculate Cp at 
50°F from the graphical data, and compare with the value in Table B-6. 

21. A pound mass of carbon dioxide at 100° is raised to 1000°F at constant pressure. 
Calculate the change in internal energy. 
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22 . Discuss why the internal energies of liquids and solids are relatively indifferent 
to pressures and also why the enthalpies are not. 

23 . Derive Eqs. (3-76) and (3-7c). 

24 . Air undergoes a process from 100 psia and 260®F to 20 psia and — 6®F. Calcu¬ 
late n for the over-all process. 

26. Justify the n values indicated in the text for processes at constant temperature, 
constant volume, and constant pressure. 

26 . A process begins and ends at the same temperature, and therefore the n value 
in Eq. (3-7a) is n * 1. Is this an isothermal process? 
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The First Law 


The prerequisite for the First Law of Thermodynamics is contained in 
the axiom: 

The internal energy of a system is a 'property. 

In building upon this axiom, it became apparent that, whenever an 
energy increase appeared in one system, a corresponding energy decrease 
appeared in another system. This conservation of energy became the 
theorem known as the First Law of Thermodynamics: 

Energy can be neither created nor destroyed but only converted 
from one form to another. 

Thus, perpetual-motion machines of the first kind (or the first class) are 
declared to be impossible: no machine can produce energy without corre- 
sponding expenditures of energy. 

The First Law dictates an energy balance between system and sur¬ 
roundings for all processes, real or ideal, perfect or imperfect: 

'“i” A^l = 0 

J surroundings J system 

(But the First Law gives no indication of whether or not the process was 
perfectly performed.) The change in energy of all types, A£', is entirely a 
system term and is measured by changes in the properties of the system. 
The changes in energy can arise from three causes: transfers of mass, heat, 
and work. Energy while in transit in the form of heat or work is rarely 
measured because of the attendant difficulties (if not impossibilities) of 
instrumentation. Consider a water-cooled air compressor. The heat 
passed from the system (the cylinder of the compressor) to the surround¬ 
ings (a water bath, for one element) is best apparent by noting the sur¬ 
roundings since the temperature of the water increased. But direct 
measurement of heat (which is energy in transit) is avoided by measuring 
/S.E for the system in the surroundings (the water bath) and then trans¬ 
lating such data into the proper units, which well may be a rate (Btu per 
second). Although this indirect procedure will be followed in the 
laboratory, it is convenient to think of heat and work as being measured 
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flight^^ and therefore equations will he developed that in appearance pertain 
only to the 8y8tein.'\ 

Two distinct types of analyses will be developed, one for the closed 
system (Chap. 4) and one for the dynamic open system (Chap. 5). From 
the viewpoint of an energy balance, the closed system has the disadvan¬ 
tage that only very slow processes can be successfully evaluated. Thus, 
study of the closed system is, most often, a study of the equilibrium state 
and might better be called thermostatics. Conversely, flow processes can 
be successfully evaluated because of the extension of thermodynamics 
made possible by the definition of the dynamic open system. 

It might appear that the theory of relativity (Art. 2-5) is not compatible 
with the principle of conservation of energy. But if mass is considered to 
be a form of energy, no inconsistency is present (although the First Law 
would be better named the law of conservation of mass-energy). Thus, 
the system that gains energy gains mass, and correspondingly, the sys¬ 
tem that loses energy loses mass. Since the slight changes in mass are 
too small to be measured in other than nuclear processes, separate 
balances for mass and for energy will be made, as before. 

It is well to remark again that engineering thermodynamics has two 
distinct parts: (1) the study of energy transformations in both open and 
closed systems (our immediate problem in Chaps. 4 and 5), and (2) 
the study of the behavior—the property interrelationships—of quiescent 
substances (Chaps. 8 to 11, for examples). 

t As a matter for discussion (or argument), note that heat cannot be measured 
without first assuming internal energy to be a property; thus “proofs” that internal 
energy is a property based upon hypothetical transfers of heat and work are invalid. 



CHAPTER 4 


THE FIRST LAW AND THE CLOSED SYSTEM 

The chessboard is the world, the pieces are the phenomena of the 
universe, the rules of the game are what we call the laws of nature. 

Thomas Huxley 


In the fields of physics and chemistry, the energy balance of the First 
Law is merely a step in the development of the mathematical relationships 
between the equilibrium properties of quiescent matter. Because of this 
end point, the independent variable time^ which underlies classical 
thermodynamics, is not usually mentioned. The engineer, however, is 
interested in energy and its conversion; therefore, the independent varia¬ 
ble that he must use in the laboratory must be included in his theoretical 
analysis for clarity. 

4-1. Energy of the Closed System. The element of mass Am within 
the closed system of Fig. 4-1 has internal energy, and also it may have 




Volume 
integration 
for energy 
of system 



SURR OUNDING S 


Boundary^ 


. . .... . . 

\. Datum for thermostatic t' ^ 
properties ^p,v, T, a, etc) 

A moves with the element " 




Surface integrations 
for heat or work 


Parallel to earth 


V7;^///7/77///7//777 7 7y///y////7//V/7y/ ‘ /7//77, 
Datum for measurement of Z and V 

Fig, 4-1. The general closed system. 


kinetic and potential energies. The total specific energy at a point 
in the system at time r is designated by the letter e and the function e(r): 


e 


w + Z 

2^c Qc 


energy' 

mass 


(4-1) 


But each element may have different energy values from its neighbors, 
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especially when a process is under way. Therefore, at a specified time r, 
the energy of the entire system is indicated by a volume integral: 

epdV = ( e dm [energy] (4-2) 

Jr y volume J volume 

at r at T 

Notice that e and ep may depend on both time and position, while E 
is a function of time alone. When e varies with position in a chaotic 
manner (the nonequilibrium case found during the usual dynamic proc¬ 
ess), evaluation of Eq. (4-2) may not be possible. But if the system 
is in equilibrium or near equilibrium at the beginning and end of the 
process, or if appropriate average values are considered for p, w, E, and Z, 
Eq. ,(4-2) integrates to 


E]=U + ^ + m^Z (4-3) 

JT 2pc Qc 

In effect, this procedure reduces the independent variables of the system 
to that of time alone: 

The variables describing the closed system will be selected so 
that time is the only independent variable. 

Thus the function E{t) represents the energy within the system at time r 
(and AE is the exact change in energy of the system between times 
Ti and Tj). 

4-2. The Energy Balance of the Closed System. The energy balance 
between system and surroundings demanded by the First Law for all 
processes, 

^-^Burrounding:* 

can be changed into an equation involving only the system by employing 
the concepts of heat and work (to replace — AA^urroundings). The procedure 
is to define functions of time, Q(r) and 1E(t), that represent the integrated 
transfers of heat and work over the surface of the system (say from time 
zero). It then follows that AQ and AW evaluate the net heat and work 
transfers in the time period n to r 2 , and an exact energy balance can be 
proposed: 

ArQ ~ ArW] ^ = ArE} ^ (4-4a) 

J surface J system 

ri to Tj Ti to r» 

Here the algebraic signs of heat and work are dictated by convention: 


+ for heat to system 
— for heat from system 


-F for work from system 
— for work to system 
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Equation (4-4a) is an energy balance over the system alone: surface 
integrations for heat and work and volume integrations for energy of the 
system, all evaluated over the same time period n to t 2 \ this is the general 
energy equation for analysis of the closed system. 

Since time is the independent variable by dividing Eq. (4-4a) by Ar, 

AQ ATT ^ A^ 

At Ar Ar 


and then allowing Ar to approach zero, by definition of a derivative 
(Art. A"6/i), 


dr dr dr 


(4-46) 


Thus the time rate of change of heat and work must equal the time rate of 
change of energy of the system. When Eq. (4-46) is multiplied by the 
increment Ar, 


dQ ^ 


dW , dE ^ 


by definition of the differential of a dependent variable [Eq. (A-4a)], 

dQ- dW == dE (4-4c) 

The meaning^ of this differential equation is clear only if Eq. (4-46) is kept 
in mind: Q, TF, and E are functions of the single independent variable of time. 

Equation (4-4c) can be integrated back into the form of Eq. (4-4a); 
then, if the parts of E can be evaluated, 

AQ-ATf1 = Ae] =At/ + A^ + Am^Z (4-4d) 

J surface J system Qc 

All the work of the closed system may not be available for use since a part 
may be sp)ent in pushing aside the surrounding atmosphere (which will be 
considered to exert a constant, pressure po), 

ATFnet = AQ - A£; - poiV^ - Fi) (4-46) 

eloaed syatein 

However, if the system expands during one process and then contracts in 
succeeding processes so that the initial volume is restored, the po AF terms 
cancel. 

Note, especially, that the equations in this article hold whether or not 
the process is perfect and whether or not the system is in equilibrium 


t And the differentials dQ, dW, dE have nothing to do with “infinitely small quanti¬ 
ties.'' Nor is Eq. (4-4c) an energy balance for the process; rather, it is the equation 
which relates the differentials dQ, dW, dE of the functions 0(r), W(t), and E{t) 
(Art. A-Gj). 



50 


ELEMENTS OF THERMODYNAMICS 


(although, admittedly, unless equilibrium is present or closely approached 
at the beginning and at the end of the process, exact evaluation of the 
various quantities may be questionable). 

The equations can also designate unit mass of system when shown with 
lower-case symbols; for example, Eq. (4-4c) becomes 

dq — dw = de 

4-3. Processes of the Closed System. The processes of a closed sys¬ 
tem, without kinetic or potential energy, are governed by Eq. (4-4d), 

AQ - ATT = At/1 (a) 

Jcloseil ayniom 

AKE, A/"£=0 

Since the symbol U designates all forms of internal energy (Art. 2-3), 
Eq. (a) holds whether or not a chemical reaction occurs during the process. 
When a property remains constant during the process, it is so indicated: 
constant-volume process, constant-pressure process, constant-temperature or 
isothermal process, constant-internal-energy process, etc. 

By system is meant, usually, the working substance alone—the mechan¬ 
ical envelope is a part of the surroundings (Fig. 4-36). However, 
the procedure to be followed in the laboratory demands that the contain¬ 
ing structure or mechanism be included as a part of the system (Fig. 4-3a), 
and this practice will be occasionally indicated in the discussion. 



(+) 

ia) id) 

Fig. 4-2. Constant-volume processes of a closed system. (The boundary is a real or 
imaginary surface that separates system and surroundings.) 

a. Constant-volume Process. Consider a constant-volume system of 
inert substance receiving heat of amount AQ (Fig. 4-2a). Since the vol¬ 
ume is constant, compression (or expansion) work is zero and if electrical 
and shaft work are also zero, 

(b) 


AQ = AC7 = f/. - 
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Consider, next, the same system, but without heat transfer, and with 
mechanical work from the surroundings being dissipated by paddling the 
inert substance (Fig. 4-26). Let the same change t in internal energy be 
obtained as was evident from transfer of heat, 

-AW = AU = U,- (c) 

Equations (6) and (c) illustrate that heat and work are by definition sur- 
^ face effects and must be identified at the boundary because the effect of 
heat and work can be the same. In other words, properties of the system 
cannot be used by themselves to identify either heat or work. 

Suppose the constant-volume system is receiving work (by paddling) 
and heat is taken away at the same rate; conceivably, the properties of 
the system would remain essentially constant. This would be Si-steady- 
state process. Thus, a process does not necessarily involve a change in 
state. 

h. Friction. The result of a paddling process such as described above 
will be evidenced by a rise in temperature of the system (or by a phase 
change without change in temperature). To obtain the same result, heat 
could have been substituted for the work. The paddling process is a 
frictional process: 

Friction t is the dissipation of energy that otherwise could do 
work into a heating effect. 

Any process that dissipates mechanical, electrical, kinetic, or potential 
energy is a frictional process. Examples of friction are quite common: 
Mechanical friction involves the rubbing together of two solids, thus caus¬ 
ing a rise in temperature of the parts as if heat had been added; fluid fric¬ 
tion involves the dissipation of either work or kinetic energy, so inducing 
a chaotic turbulence in a fluid, with the end result as if heat had been 
added. The frictional process, of course, may be desirable (dissipation of 
electrical energy as in electric toasters, dissipation of kinetic energy by 
the brakes on a car). 

c. Adiabatic Process. An adiabatic process is a change in state without 
transfer of heat (Art. 2-13). The work of the adiabatic system, AQ = 0, 
equals 

AW = -AU = U\ - U 2 id) 

Equation (d) does not predict an optimum or maximum value for AW; 
it merely specifies that the work must equal the change in internal 
energy of the system. Thus the net work of the adiabatic expansion 

t By definition, work done on a system is negative; hence, — AlF is positive. 

X A mild form of the Second Law. 
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process of a system similar to that in Fig. 4-3a may be zero or less than 
zero if mechanical and fluid friction losses are high, it may be greater than 
zero, and it may be far greater than zero if chemical internal energy is 
liberated during the process. Essentially the same comments can be 
made if the system is selected to be the working substance alone. 

d. Constant-internal-energy Process. In the expansion process at con¬ 
stant internal energy, heat is added to compensate for the work delivered 
to the surroundings. Therefore, by Eq. (a), AU = 0, and 

AW = AQ (e) 

Equation (e) specifies a process of a closed system that will produce work of 
exeunt amount to the heat added. However, this process cannot be continu¬ 
ously operated because expansion of a closed system has a definite limit. 

e. Constant-pressure Process. Consider the system to be the substance 
alone in Fig. 4-36. Let the system expand slowly, and suppose that, by 



Fig. 4-3. (a) System of substance and mechanism; {b) system of substance alone. 

some means, the pressure throughout the substance and on the piston (of 
area A) remains constant at its initial value. Then, by Eq. (a), 

AQ = AU + AW 

The work done by the system is the force pA times the distance Ax. 
Since A Ax is the change in volume AF, 

AQ = AU + p AV = AU + ApV 

Here is a case where the property of enthalpy [Eq. (2-3a)] is convenient, 

(/) 

Consider, next, the means for holding the pressure constant. Let the 
system be an inert gas. Now, with expansion, the pressure will tend to 
fall, and heat must be added to hold the pressure constant. Thus, Eq. (/) 
for an inert gas is interpreted as the heat added in a constant-pressure 
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expansion. The amount of heat required could be calculated if values of 
enthalpy for the gas were obtained for the end states (at pi, Ti, and pi, 
T 2 ). Or the approximate change in enthalpy could be calculated from 
ideal-gas relationships [Eq. (3-8d)]. 

If the substance were not inert and a chemical reaction occurred, con¬ 
ceivably the rate of the reaction could keep pace with the piston move¬ 
ment and Eq. (/) would still apply. In this instance, however, AQ could 
be positive, negative, or zero, depending upon the reaction and its degree 
of completion. The value of AQ as before, however, is equal to the 
change in enthalpy of the system. It is apparent in these discussions that 
enthalpy is a property of interest in constant-pressure processes of a closed 
system, 

f. AH and AU of Reaction. The discussion in (e) suggests a method for 
finding the change in enthalpy with change in constituents, that is, the 
change in absolutet enthalpy for a chemical reaction. Suppose that the 
system is 1 mole of carbon monoxide and 10 moles of oxygen^ a piston and 
cylinderj and a large tank of water (open to the atmosphere) which sur¬ 
rounds the gas mixture and cylinder. Let the piston be constrained in 
some manner such that it will yield very slowly to changes in pressure of 
the gas mixture. Now, with a spark, an explosion occurs, the pressure 
and temperature of the gases rise, and the piston moves slowly outward. 
Then, cooling of the gases takes place as energy passes to the water bath, 
and the piston moves slowly inward until the initial pressure of the gas 
mixture is regained; the initial temperature is also approached within a 
degree or so of temperature because of the size of the water bath. For the 
entire adiabatic system, by Eq. (a), 

AU = -AW 

Since the surrounding atmosphere was not accelerated, but only displaced 
at constant pressure po, the work done equals po AF, 

“ PoAF 

Or, for each part of the system, 

AC/^. + + Af/„,tal = —Po AF,,«e. ~ Pu AFw.tor “ Po AF„,eUI 

Hence the change in enthalpy of the reacting gases equals 

= -AjH^wfr - AH„eU» { q ) 

The right-hand side of Eq. (g) is readily evaluated since values of Cp for 
the inert water J and Cp for the inert metal are known, and the tempera- 

t But the absolute enthalpy of one constituent alone cannot be found. 

t Note that aH for the reacting gases cannot be calculated from Cp values since such 
values are defined only for chemically inert substances (Art. 2-11). 
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ture rise (small) can be measured. Assume that the calculated value 
is —121,664 Btu at 77®F: the absolute enthalpy of water and metal 
increased by 121,664 Btu, while the absolute enthalpy of the reacting 
gases decreased by 121,664 Btu. 

Thus, the property of enthalpy is of interest in processes of a closed system 
that begin and end at the same pressure. 

Consider the chemical reaction that took place, 

CO + MO 2 + 9 M 0 J CO,+ 9^0,1 

The excess oxygen (9>^ moles) ensured that essentially all the carbon 
monoxide was converted into carbon dioxide. Note, too, that the 
initial and final states of the excess oxygen were closely equal [from a par¬ 
tial pressure p* (Art. 3-5) and temperature Ti to a partial pressure py and 
temperature T, « Ti]. Since the change in temperature is almost zero, 
and since the effect of pressure on the enthalpy of gases is slight (Art. 3-5), 
it can be concluded that A/f for the excess oxygen is a small quantity rela¬ 
tive to the over-all measurement of —121,664 Btu. Hence, the reaction, 
its direction, and the change in enthalpy are indicated as 

CO + CO 2 AHp. 770 ^ = -121,664 Btu 

Thus, the enthalpy of 1 mole of CO 2 at pi, Ti, relative to a mixture of 
1 mole of CO and mole of O 2 at pi, Ti, is —121,664 Btu (at 77®F). 

If the reacting gases are held at constant volume, the work of the 
adiabatic system arises only from changes in volume of the metal and the 
water bath. By Eq, (a), 

^U = -ATT 

And here 

Af/g„eB "F A f/water “1“ Af/metal PO Po AFnietal 

Hence, the change in internal energy of the reacting gases equals 

At/gaaes A/fprater ~ AHmetal (^) 

Laboratory measurements show that the right-hand side of Eq. Qi) equals 
— 121,131 Btu (at 77°F). With the same assumptions as before, 

CO -]- /'^ 02 —^ CO 2 AUv. 77 '’f — —121,131 Btu 

Thus, the internal energy of 1 mole of CO, at V i, Ti, relative to a mixture 
of 1 mole of CO and mole of O, at Vi, Ti, is —121,131 Btu (at 77°F). 

It is not necessary in the laboratory to measure both Af7 and AH of 
reaction. By definition of enthalpy, 

ah] ^ =AU] ^ + ApV] ^ 

Jpi.Ti Jpi.Ti Jpi.Ti 


(4-5a) 
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If At/, for example, is measured at Ti, LH at the same temperature 
Ti can be closely calculated by adding ApF for the reaction to At/ (with 
proper regard for the algebraic signs). This procedure ignores the fact 
that the pressure in the constant-volume experiment was, most probably, 
not equal to that in the constant-pressure experiment; however, the effect 
of pressure on the internal energy or enthalpy of gases is small and is 
insignificant relative to the large values attained for AL'' or AH of reaction. 
With these comments, Eq. (4-5a) can be shown as 

« At/]^_ + ApV]^^ (4-56) 

Equation (4-56) is closely valid for gas reactions and also for reactions 
wherein one or more of the substances is a solid or liquid (the internal 
energy of a solid or a liquid is also not affected greatly by pressure). 
Since the volume of a condensed phase is negligibly small, only the gas 
phase need be considered (and the ideal-gas law is adequate): 

ah] ^ AU + AuRT] (4-5c) 

AT\ J Ti An for the gases alone 

Consider the combustion of methane with pure oxygen, 

CH4 + 2O2 — CO2 + 2H2O 

If the H 2 O product is a gas, then 3 moles of products are obtained from 

3 moles of mixture, An is zero, and AH equals All. And AH is larger (dis¬ 

regarding the algebraic sign) than At/ if the reaction undergoes a decrease 
in volume since work is done on the system by the surroundings (and 
conversely); for example, if the H 2 O product is a liquid. An is —2. 

4-4. Thermody na mic Cycles. Several processes can be coupled 
together to form a thermodynamic cycle:] 

A thermodynamic cycle is a sequence of processes that eventually 
returns the working substance to its original state. 

Since the original state is regained. 

The thermodynamic cycle is a concept of the closed system. 

Consider that the constant-volume system of Fig. 4-2 can have work 
added in one process, and then have heat taken away in another process, 

t The internal-combustion engine (such as the gasoline or diesel engine or the usual 
gas turbine) does not undergo a thermodynamic cycle since the working substance is 
not restored to its initial state (although the engine mechanism may undergo a 
mechanical cycle). Rather, such engines come under the class of processes called 
8teady-flow (Art. 5-7). 
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to regain the original state (if chemical reaction is absent). The net 
effect of this dissipation cycle is 

AQ - ATT = 0 

AQ = ATT (a) 

In this manner^ work can be completely and continuously converted into heat 
—observe that it is quite easy to devise cycles to convert work completely into 
heat. 

A primary interest of the engineer is power cycles to produce work from 
conversion of heat. To construct a power cycle, let the system be a gas 

confined in a cylinder by a piston (Fig. 
4-3a). Arbitrarily select a number of 
processes, for example, an adiabatic 
compression process a6, a constant- 
volume heat-addition process 5c, an 
adiabatic expansion process cd, and a 
constant-volume heat-rejection proc¬ 
ess da to the initial state. The 
sequence of states visited by the gas 
can be qualitatively shown on dia¬ 
grams of properties by assuming ideal 
gases, pv — RTj and by recalling cer- 

„ ^ , tain experimental facts: adiabatic 

Fig. 4-4. A power cycle. . - . . 

compression of a gas raises its pres¬ 
sure and temperature, and the pressure and temperature can be lowered 
by adiabatic expansion. Figure 4-4 illustrates the cycle and also two 
invariable characteristics of all power cycles: 

1. A heat-addition process at a relatively high temperature 

2. A heat-rejection process at a relatively low temperature 

Observe that work alone is transferred in processes ab and cd and heat 
alone in processes be and da (characteristics of this arbitrary cycle). It 
can be surmised that the cycle could produce a net amount of work since 
the average pressure on the work-output process cd is much higher than 
the average pressure on the work-input process ab. The net amount of 
work can be found by noting that, for any cycle, S Af/ = 0; therefore, 

S AQ - S AIF = S Af7 = 0 

S ATF = S AQ (6) 

If the net work of the cycle is to be positive—a work output—it can be 
concluded that more heat had to be added in process be than was rejected 
in process da. 
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The thermal efficiency of the power cycle is defined as the fraction of the 
heat addition which was converted into work by the closed system, 

^ work output ] ^ ^QA + AQ/g ^ S AW l 

heat added J^^yde AQa AQa Jcycie ^ ^ 

Obviously, from Eq. (6), the ratio of 2 AW to 2 AQ is always unity, for 
any substance and for any cycle. The thermal efficiency, however, is the 
ratio of the net work output to the heat added to the cycle of the closed 
system. 

From experience it is found that the power cycle is characterized by a 
heat-addition process at a high temperature and an inevitable heat- 
rejection process at a lower temperature. Consequently, the thermal 
efficiency is always less than unity. No commercial power cycle has yet 
been devised with thermal efficiency of as much as 50 per cent, while 
values of 10 and 20 per cent are usual. The cycle of Eq. (a) completely 
converted work into heat. No problem attended this conversion, which 
could be operated continuously. The reasons for failure to convert heat 
into work completely and continuouslyf cannot be surmised from the 
First Law but must be left for the Second Law to explain. 

If the power cycle of Fig. 4-4 is reversed so that the inverse sequence of 
states is visited, it becomes a refrigeration cycle. Here heat is absorbed in 
process ad and rejected in process cb; more work is required for process dc 
than that obtained from process ha (the net work of the refrigeration cycle 
is negative). 

The excellence of a refrigeration cycle is judged by its coefficient of per^ 
formance, which is the ratio of the heatX added to the work added in the 
cycle. 


CP - («<■) 

work added Jcycie — S Air a Jcyde 

Or if the refrigeration cycle is used as a heat pump^ its coefficient of per¬ 
formance is the ratio between the heat rejected and the work added: 


CP 


pump 


heat rejected 
work added cycle 


AQ r _ 

2 A W A _ cycle 


It follows that 


CP, 


boat pump 


CP 


refrigeration 


+ 1 


(4-76) 


(4-7c) 


t Note that the constant-internal-energy process of Art. 4-Sd could not be operated 
continuously; also, it would be improper to say that heat was converted into work in 
this process since the state of the working substance was changed. 

t Note that AQa in Eq. (4-7a) refers to process ad of Fig. 4-4, while AQa in Eq. (4-6) 
refers to process be. 
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PROBLEMS 

Draw a diagrammatic sketch of the system for each problem with the boundary 
emphasized; label system, surroundings, boundary; show directions of heat and work by 
arrows; designate numerical values of all variables. 


1 . A system receives 100 Btu of heat while work of amount 125 Btu is transferred to 
the surroundings. Is this possible? 

2. A system transfers 100 Btu of heat to the surroundings while receiving 100 Btu of 
work. What is the name of the process? 

3. The energy of a system increases by 60 Btu while 75 Btu of work is transferred to 
the surroundings. Is heat added or taken away from the system? 

4 . (a) The energy of a system increases by 50 Btu while the system is receiving 
40 Btu of work. How much heat is transferred and in what direction? 

(6) The energy of a system decreases by 25 Btu while the system is receiving 30 Btu 
of work. How much heat is transferred? 

(c) During an expansion process, the work transfer is 10 Btu while the heat received 
by the system is 20,000 ft-lb/. What is the change in energy for the system? 

6. During a compression process, the work transfer is 8,000 ft-lb/ while the heat 
received by the system is 25 Btu. What is the change in energy for the system? 

6. A constant-volume system receives heat of amount 10 Btu and work of amount 
5 Btu. Find the change in energy. 

7. A closed system consists of a cylinder of water and ice stirred by a paddle wheel. 
For the process, the work was 17 Btu/hr; the initial internal energy was 133 Btu, and 
the final internal energy after hr of stirring was 126 Btu. Find the heat exchange 
in Btu per hour. Is the temperature of the system rising or falling? 

8 . A piston-cylinder arrangement has a gas in the cylinder space. During a con¬ 
stant-pressure expansion to a larger volume, the work effects for the gas are 1.60 Btu, 
the heat added to the gas and cylinder arrangement was 3.17 Btu, and the friction 
between the piston and cylinder wall amounted to 0.25 Btu. Determine the external 
useful work done by the process, and the change in internal energy of the entire appa¬ 
ratus (gas, cylinder, piston). 

9. List a number of systems that will continuously and completely convert work into 
heat. 

10. The energy of a constant-volume process increases by 10 Btu while only 5 Btu 
of heat is added. Was work transferred during this process? Can your statement be 
proved ? 

11. An adiabatic compression process involves the transfer of 10 Btu of work, (a) 
What are the value and direction for the change in energy of the system? (6) If the 
surrounding atmosphere has a constant pressure of 15 psia and the volume change of 
the system is 2 ft^ show the division of work transfer and explain, (c) Repeat the 
above, but assume that the process is one of expansion. 

12. An expansion process at constant energy involves the transfer of 10 Btu of heat. 
(a) Determine the value and direction for the transfer of work, {h) Devise an expan¬ 
sion process at constant energy that would not involve either heat or work. 

13. A system receives 10 Btu of heat while expanding with volume change of 1 ft* 
against an atmosphere of 20 psia. A mass of 50 Ibm in the surroundings is also lifted a 
distance of 20 ft. (a) Find the change in energy of the system. (6) The system is 
returned to its initial volume by an adiabatic process which requires 26 Btu of work. 
Find the change in energy of the system and the work, other than atmospheric. 
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(c) For the combined processes of (a) and (b), determine the change in energy of the 
system. Is it necessary to include the atmosphere in this calculation? Discuss. 

14. In a closed system, it is found that the time relationships of heat and work flow 
can be expressed by Q » ar* -f 6 and IT * cr (a, b, c are constants), (a) Determine 
dE. (b) Determine AE, and compare with dE. Should Eq. (4-4c) be interpreted as 
an approximation for the incremental equation? Is it an energy balance? Are the 
differentials dQ, dW, dE infinitely small quantities? 

16. Assume that the value of AH in Art. 4-3/ is correct for the CO-O 2 -CO 2 reaction, 
and check (calculate) the value for aU. (Assume ideal gases.) 

16. One-tenth gram of fuel is placed in a bomb calorimeter (a constant volume), 
which then is charged with oxygen. The mass of water in the water bath is 1,900 g, 
while the mass of metal, etc., is equivalent to 462 g of water. When the fuel is ignited 
(by an electric spark), the temperature rises from 77 to 77.51®F. Calculate All for the 
reaction (Btu per pound mass fuel). 

17. Assume that the fuel in Prob. 16 was pure carbon and that it was completely 
burned into carbon dioxide. Calculate AH for the reaction at 77°F. 

18. In a thermodynamic cycle the heat and work are as follows: 


] 

Process. 

1 

2 

3 

4 

AQ. 

+30 

1 

~10 

~20 

+5 

AW . 

+3 

1 

+10 

-8 

0 


Calculate the thermal efficiency. Ans, 14.3%. 
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CHAPTER 5 


THE FIRST LAW AND THE DYNAMIC OPEN SYSTEM 

And for purposes of discipline—intellectual, 
moral, religious—the most effective is science. 

Herbert Spencer 


The engineer’s concept of the dynamic open system allows analyses to 
be made of continuous streams which are far from equilibrium in a part 
of their travels. The procedure is to transform the problem from study of a 
fixed mass to study of a region^ called by Prandtl a control volume. Each 
flow boundary is established at a location of the stream where the assump¬ 
tion of equilibrium is valid (within the precision of the problem). Then, 
for example, energy values can be assigned to these selected' position 
coordinates of the region so that the change in energy of the flowing 
stream between two (or more) coordinates is readily evaluated. The 
transformation, in effect, is to select position as well as time to be the 
independent variables: 

The variables describing the dynamic open system are functions 
of time and position. 

One other item should be emphasized: 

The position coordinates L of the open system are at rest relative 
to each other. 

Once the open system is selected, the primary position coordinates 
(where a stream enters or leaves the system) are fixed, and the engineer 
may not be interested in employing position as an explicit variable. 
Thus, the engineering equations of analysis may often show time alone as 
the independent variable (but see Art. 5-7). 

6-1. One-dimensional Flow. Three space variables (x, y, z) may be 
required to locate and to describe accurately the properties of a stream 
(at time r), and therefore the flow is said to be three-dimensional; if two 
space variables are sufficient, the flow is called two-dimensional (Fig. 5-la 
and c; each vector F is a function of x and y for parallel-sided passages 
or of X and r for round conduits). When only one space variable is 
required, the flow, necessarily, has a set flow pattern and is called one¬ 
dimensional [for example, V = f{x)]. 

60 
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The assumption of one-dimensional flow is justified for most engineer¬ 
ing analyses since the error can be made small by using appropriate 
average values of the properties at each cross section of the stream. 
Thus, at a particular cross section the velocity V is the average velocity 
relative to the coordinate L, and the density p is the average density so that, 
with the true cross-sectional area A, the true mass flow rate rhj can be 
calculated. 


rhj = ApV 



(a) 


This procedure is followed even though the flow stream is in laminar flow 
or changes direction or converges or diverges by assuming that the average 



Fig. 5-1. (a, c) Two-dimensional flow; (6, d) hypothetical one-dimensional flow. 


velocity vector remains perpendicular to the cross-sectional area A 
(Fig. 5-lrf): 

Most, if not all, of the flow streams in this text are considered to 
be one>dimensional. 

Since the one-dimensional stream can follow any configuration in space, 
each cross-sectional area is specified by the single coordinate L [A = A{L)]. 
The value assignable to the L coordinate coorresponds to the length measured 
from the entrance of the system (Li) to the area under scrutiny {at L) along 
the center line (Fig. 5-26). Note, again, that the x coordinate, for example, 
denotes a fixed direction, but not the coordinate L [L = L{x^y^z)\. 

6-2. The Mass-flow Rate. Consider the moving element of mass 
Am/ in Fig. 5-2a with frontal area ^4, velocity F, and length V At. The 
mass contained in Am/ as it crosses the coordinate L is approximately 

Am/]^ ^ pAV At (a) 

The instantaneous mass-flow rate rh/ across a coordinate L is defined as a 
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function of time t and position L, 


rhf = 


lim 

Ar—»0 


Am/ _ d7n/ \ 
At dr )l 


pAV 


(5-la) 


On the other hand, the mass in the “stationary^' element Am of Fig. 5-26 
is approximately equal to 

Amj « pA AL (6) 

and = lim ^ = pA (5-16) 

oL/r AL-^O 

Hence two mass functions are required to visualize correctly the open 
system: The physical significance of the function m/(L,r) is the amount of 


L 



Kelevotion) \ 

VTTTTTTTTTTTTT^TTTTZVTTTTZy 


Fixed datum of L 
coordinates 



Fixed datum of L 
coordinates 


(a) (6) 

Fig. 6-2. (a) Concept of mass in motion: the infinitesimal Am/ crossing a coordinate L; 
(6) concept of contained mass: the infinitesimal Am at a time t. 


mass which has crossed the coordinate L from time zero to r—for the func¬ 
tion m(L,r), the amount of mass contained within the system between 
coordinate Li and position L at time r (and this is also the concept of m 
for a closed system; hence the same symbol can be used). 

The procedure in evaluation is the same as for the closed system: the 
density p (and all other thermostatic properties) is evaluated by an 
observer traveling with the stream; the velocity V (and height Z) is 
evaluated by an observer relative to the fixed coordinate system (L). 

6-3. Energy in Flow. The energy of a flowing stream relative to a 
position coordinate L can be found by considering the moving element of 
mass Am/ in Fig. 5-3. Here the energyf accompanying mass is made up 

t And the properties u, V, Z are evaluated exactly as for the closed system—two 
reference datums (Art. 4-1 and Fig. 4-1). 
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of internal, kinetic, and potential energies and, also, the work done by the 
substance following Am/ to push Am/ through the distance V At, 

Then, approximately, since p, p, u, F, etc., are functions of position L 
and time r, 

( F2 ^ \ 

u + -h ~ ^ ) Am/ 

^Qc Qe / 

Work done on Am/ = (force)(distance) « (pA){V At) 


Or, by Eq. (a) of Art. 5-2, 

Work done on Am/ « pv Am/ 

With these relationships, the exact energy flowf across L, as m/, — m/^ 
mass crosses the coordinate, is 


/ m/iin) / T/'2 

A,Ef = (u + pv + ^ 


Qc 


^ drrif 


(5-2a) 


Equation (5-2a) suggests that the sum of the specific energy quantities of 
the flowing substance assignable to the coordinate L at time r can be defined: 


, X 9 ry energy 

Cf ^ -\- pv + 7, - — z -^ 

2gc gc mass 


(5-26) 


Comparison of Eqs. (4-1) and (5-26) shows that the change in viewpoint 
(from watching a fixed mass as it moves in space to watching a position 
in space) has introduced a new energy 
term called fiow energy^ pv. 

Note that the product pv is a property 
and has a nonzero value for both open 
and closed systems, but only for a flow 
stream of the open system does it take 
on the significance of energy. 

The energy pt; is sometimes called flow work 
since it originated from a work analysis. How¬ 
ever, pt; is a property, and work is not; hence, 
the name flow energy is more descriptive. More¬ 
over, our definition for work (Art. 2-13) ex¬ 
cludes energy such as pv being called work at a 
flow boundary. The question is one of def¬ 
inition: for those who define the system to be 
a fixed mass, pv of a flow stream is work; for 

those who define the system to be a region^ pv of a flow stream is energy. 



Fig. 5-3. Energy flow relative to a 
pK)sition coordinate L (infinitesi¬ 
mal element). 


t The physical significance of the function Ef{L^r) is the energy accompanying mass 
which has flowed past L from time zero to time t. 
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Since 



« €f Am/ 


it follows, with Eq. (5-la), that 


dr )l 


.. AjE/ ,. 
lim ^ = hm Cf 

At —*0 At At—>0 


Am/ 

At 


= e/Thf 


(5-2c) 


Thus, in similarity with the concepts of m/ and m, two specific energy func¬ 
tions are required for the open system: e/ (the moving energyand 
e (the “stationary energy’’) (Art. 5-4). 

6-4. Energy Stored within the Open System. When the interior of 
the open system is analyzed, the procedure and the final equations are 
essentially the same as for the closed system. Consider the “stationary ” 
element of mass in Fig. 5-26, that is, the element at time t. The specific 
energy at a point in the element is 


€ 


y2 



The mass of the element equals, approximately, 


(4-1) 


AotJ ^ pA AL 


(o) 


Therefore, the energy stored within the system from Li to L at a specified 
time T is evaluated by a volume integral, designated by the function 
E{r,L): 

^]r ^ iL ^ " / l ! 


Equation (5-3a) is essentially the same as Eq. (4-2) for the closed system, 
and the comments of Art. 4-1 apply to both equations. It follows, with 
Eq. (5-16), that 


dL)^ 


lim e = epA 
al-to 


(5-36) 


6-6. The Energy Balance of the Open System. The energy balance 
between system and surroundings demanded by the First Law for all 
processes, 

““ AE,u,roundingB AE,y,teni 

can be changed into an equation involving only the system by employing 
the concepts of heat, work, and energy in flow (to replace — AE,u„oundiiigi)• 
The procedure is to define functions of time and position for heat and 
work so that Q(r,L) represents the integrated heat transfers over the 
surface of the open system from entrance Li to L and from time zero [and 
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similarly for Then with Eqs. (5“2a) and (5-3a), and noting that 

^rE,]^ - = -Ari^lE,) 

it follows as an exact energy balance that 

At(AlQ) — At{A lW) — AriAiEf) — At{AlE) 

Here the algebraic signs of heat, work, and energy in flow are dictated by 
convention: 

+ for heat and mass-energy to system + for work from system 

— for heat and mass-energy from system — for work to system 

Now, by dividing by AL and Ar, and with the appropriate limiting steps. 


heaf and work transfers over the surface 

Afn^c- L —energy 1 eneray 

energy changing) -/ 

""" ' 

\ Datum for thermostatic properties Kp, p, 7) u, etc.) • 

\ moves with the substance I 

^777777777:^77777777777777777/77777777777777777777777^ 

Datum for externa! properties fixed 
relative to the coordinates L 

Fig, 5-4. Flow system with fixed entrance and exit. 


the general differential energy balance for an open system with a single 
one-dimensional flow stream is obtained: 


_ aw _ a^ ^ d^E 

dr dL dr dL dr dL dr dL 
Or, with Eqs. (5-2c) and (5-36), 

d^Q _ d^W d{rhfef) _ d{pAe) 

dr dL dr dL dL dr 


(5-4a) 


(5-46) 


To integrate Eqs. (5-4) for the real system is difficult since, for example, 
the surface integral for heat would be complex (and evaluation is part 
of the subject called heat transfer; Chaps. 19 and 20). Simplicity is 
achieved by restricting the system to a fixed entrance and exit (Fig. 5-4) 
so that time alone is the independent variable (the procedure followed for 
the closed system): 


ArQ - ArW 


+ fj' e/ - fj' e, dm]^^ - e dm] 


Surface of system Surface Surface Volume Volume 

between Li and Ls at Li at Lt at at ri 

(5.4c) 
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Or, by definition of the functions Ef and 


ArQ — AjW = ArE + Ar^/2 — AjEfi (5-4d) 


Equation (5-4d) can be treated in the same manner as was Eq. (4-4a) to 
obtain either time rate or differential equations (with time as the single 
independent variable). Also, when flow ceases, the Ef terms become 
zero, and Eq. {5Ad) reverts to Eq. (4-4a). 

The physical picture of Eqs. (5-4) is: Over a specified time period, the 
heat added plus the energy (mass) flow to the system minus the work 
done and minus the energy (mass) flow from the system equals the change 
in energy stored within the system. 

The remarks in Art. 4-3 apply as well to the foregoing equations: the 
equations are valid whether or not the system is in equilibrium. How¬ 
ever, for the closed system, equilibrium is practically demanded to 
evaluate the equations; in the case of the open system, the positions Li 
and L 2 can usually be selected so that evaluation of the flow terms is quite 
accurate. Also, it may be possible to select times ri and so that the 
volume integrations can be rather precisely evaluated. Such preciseness 
usually requires that the process begin and end at equilibrium states— 
where e has but one value throughout the system. Thus, the practical 
equation for non-steady-flow problems is 

AtQ — ArW = m2U2 — miUi -H (5-4e) 


where m 2 = mass within system at time to (with internal energy U 2 ) 
mi — mass within system at time ri (with internal energy ?/i) 
Problems in nonsteady flow are discussed in Arts. 5-10 and 12-1. 

6-6. Continuity Equations. The definitions (Art. 5-2) of the two mass 
functions m and m/ allow a simple and exact continuity eejuation to be 
directly proposed :t 


Therefore 


dm/ 



dm 


and 



d^m/ 
dr dL 


d^m 
dr dL 


(5-5a) 


With Eqs. (5-1), 


driif _ d{pA) 
dL dr 


(5-55) 


Any form of Eqs. (5-5) is the general continuity equation for one-dimen¬ 
sional flow of a single flow stream. 

A simple but important class of flow problems is that of steady flow. 


t Chapter 16 of Ref. 1. 
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Steady flow decrees that all variables of the stream be functions of posi¬ 
tion alone: 


A stream is in steady flow if all its variables are independent of 
time. 


Thus, steady flow demands that the channel area be fixed while the mass- 
flow rate at any section is constant (although, if the stream has several 
tributaries, the total mass-flow rate can change with position). With one 
flow stream, the mass-flow rate does not change with either time or 
position, 

rhf = ApV = constant (5-6a) 

Or, from Eq. (5-56), 


drhf _ ^ _ d{ApV) _ 1 dp , 1 dV 1 dA _ 


(5-66) 


Equation (5-6) in any of its various forms is called ihe steady-flow con¬ 
tinuity equation for a single stream with one-dimensional flow. 

6-7. The Steady-flow Energy Equation. When the restriction of 
steady flow is superimposed on Eq. (5-46), so that all variables of the 
equation become functions of position L alone (and rhf is a constant). 


dL 


dW . def ^ 


(5-7a) 


By dividing by m/. 


dq dw _ def 
dL dL dL 


(5-76) 


wherein q represents the function g(L)—the heat through the surface 
Li to L of the open system per unit mass of fluid flowing [and similarly 
for w{L)]. 

The foregoing equation could have been derived directly from the 
definitions of the new functions q and w (and this procedure may be 
preferable since the steps of Art. 4-2 are reviewed). Thus the exact 
energy balance on an element AL of a steady-flow system is 

Al^ — A^tP = AlC/ 

Dividing by AL (the only independent variable), and then taking the 
limit as AL approaches zero, 


dq dw _ dCf 
dL dL dL 
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Now, upon multiplying by AL, by definition of the differential of a depend¬ 
ent variable [Eq. (A-4a)], 

dq — dw = dcf (5“7c) 

Equation (5-7c) is the differential form of the steady-flow energy equation 
with position L as the independent variable. 

It has become customary to solve flow problems on the basis of unit 
mass. Hence, Eq. (5-7c) is integrated from Li to L 2 of the system to yield 

AlQ - Alw = ih2 - hi) + ~ + Zi) (5-7d) 

^Qc Qc 


The integrated form of the steady-flow equation, Eq. {5-7d)y is indifferent 
to events happening within the system since all terms pertain to measure¬ 
ments made at the boundaries. For this reason, the requirement of the 
differential equations that a steady state be maintained at each position 
coordinate within the system can be relaxed for the practical system: 

In engineering, an open system of constant mass is called a 
steady-flow system if all events at the boundaries are unaffected 
by time. 

An example of a system that can obey the integrated steady-flow equa¬ 
tions is a multicylinder, reciprocating-piston engine. Here the properties 
of the working substance within the system periodically change from 
process to process, and internally neither a steady state nor a steady flow 
exists. But when the engine is run at constant speed and load with all 
operating temperatures stabilized, the conditions for steady flow at the 
boundaries are usually satisfied within the desired precision of the 
problem. 


Example 1. A system has a flow rate of 5 lb«/sec. The enthalpy, velocity, and 
height at the entrance are, respectively, 1000 Btu/lbm, 100 ft/sec, and 100 ft. At the 
exit, these quantities are 1020 Btu/lbm, 50 ft/sec, and 0 ft. Heat is transferred to 
the system at the rate of 50 Btu/sec. How much work can be done by this system? 

Solution. From Eq. (5-7d), 


tAq — All; {hi — h\) -f 


- Fi» 

2Jgc 



5 


- Am; = (1,020 - 1,000) + 


50* - 100* 
2(32.2) (778) 


32.2 /O - 100\ 
32.2 V 778 ) 


10 - Am; = 20 - 0.15 - 0.13 

Am; = —9.7 Btu/lbm Ans. 


This answer, when multiplied by the mass-flow rate (pounds mass per second), has 
the dimension of power, 


Power — —48.5 Btu/sec Ans. 


Note that work (or power) must be supplied to the system, a condition indicated by 
the negative sign of Am;. 
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Example 2. For the data of Example 1, what must be the area of the inlet pipe if 
the specific volume of the fluid is 15 ft^/lbm? 

Solution. From Eq. (5-6o), 

A ^ 5(15) ^ ^ 

V luu 


6-8. Steady-fiow Devices. The practical engineering application of 
the integrated steady-flow equations is to systems which include both 
working substance and mechanical 
structure. However, whether or not f^Sfeom out 

the mechanism or structure is in¬ 
cluded in the analysis, it will invari- 

‘ " '" SYSTEM 


2 —. 


^Boundary 


process undergone by the working Y 


\ 

^ Nj IVoter 

substance. t 

a. Boiler. A steady-flow system, V 

which also approaches steady-state 
operation throughout, is the boiler 


' T| in 


Fig. 5-5. System of boiler and single flow 
stream of water-steam. (Flow stream 
of hot gases is in the surroundings.) 


located so that the combustion pro¬ 
cess and the hot gases of combustion 
are a part of the surroundings, 
and from these surroundings heat is 

received by the system. No work is transferred. Changes in potential 
and kinetic energies arising from the difference in elevation between inlet 
and outlet and from the velocities of flow are negligible relative to the 
flow of heat. Therefore, Eq. (5-7d) reduces to 


= [^] 

Equation (a) refers only to the properties of the flow stream, whether 
the system is the flow stream alone or includes the metal boiler (since 
it is assumed that the metal is in a steady state). The effect of the 
structure, however, is present in either case since the pressure at p 2 
(and therefore the enthalpy is directly dependent on the design. 

Note that, for a closed system, the heat added in a constant-volume 
process was Lu and, in a constant-pressure process, A/i (Art. 4-3); in this 
steady-flow process, with decreasing pressure in the direction of flow 
(because of friction), the heat also equals A/i. 

6. Nozzle. Whenever a flow stream experiences a change in area, a 
change in velocity also occurs. A nozzle is a device designed to increase 
the velocity of the stream. Fluid enters the nozzle at high pressure and 
expands to a lower pressure maintained by some means at the exit. For 
the system of fluid and nozzle shown in Fig. 5-6, the heat transferred per 
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pound of fluid is negligible (length short, mass-flow rate high), no work is 
done, and the change in potential energy is zero. By Eq. (5-7d), 

F, = V^Jgdh, - h^) + V? ib) 

Is this an optimum velocity for the inlet and exit conditions? No, 
because a porous plug or roughened walls within the nozzle would cause a 
decided decrease in the velocity V 2 . Equation (h) merely indicates the 
relationship between properties at the boundaries of the system that must 
be obeyed by any nozzle, real or ideal, perfect or imperfect. 

c. Throttl mg Prns^ess. Whenever a substance expands from a region of 
relatively high pressure to a region at a lower pressure, either work 



Fig. 5-6. Convergent nozzle. Fig. 5-7. Throttling through globe valve. 

can be done or changes in kinetic or potential energy can be produced. 
When such energy transformations are essentially absent, the process is 
described by the name throttling. In Fig. 5-7, a valve is used to throttle 
the flow. The fluid expanding through the valve acquires a high velocity, 
which is dissipated in aimless turbulence of the fluid. Here "work is zero, 
and the heat flow per pound of fluid flowing is usually negligible. The 
over-all change in velocity is small, or it can be made zero by proper selec¬ 
tion of pipe sizes. With these stipulations, Eq. (5-7d) reduces to 

hi = h 2 (c) 

A throttling process obeying Eq. (c) is called a Joule-Thomson expansion. 

Observe that the fluid in expanding through the small opening of the 
valve in Fig. 5-7 acquired a high velocity with consequent drop in 
enthalpy [Eq. (6)]. Work could have been obtained by proper utilization 
of the kinetic energy. Instead, the kinetic energy was dissipated in 
restoring the enthalpy to its initial value [Eq. (c)]. Thus, throttling is a 
form of friction since it wastes the capabilities of the system to do work. 

d. Compression of Gases and Liquids. The usual machine for com¬ 
pressing gases to high pressures! consists of a cylinder with double-acting 

t Pressure ratios, in general, greater than 3: p 2 .outJet//>i,inlet > 3. 
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piston (Fig. 5-8). Here movement of the piston allows gas to be drawn 
into the cylinder at A while gas trapped on the other side of the piston at 
B is being compressed; hence, there are two delivery strokes per revolution 
of the crankshaft. Compression of the gas is regulated by the pressure of 
the receiver (a storage tank) because the outlet (and inlet) valves are 
merely check valves. When the gas being compressed reaches a pressure 
higher than that in the receiver, the delivery check valve opens and gas 
is discharged into the receiver. When the piston reaches the end of the 
compression stroke, not all the air in the cylinder has been delivered to 
the receiver, because a clearance must be allowed to prevent the piston 
from striking the cylinder head. Now, as the piston reverses its direction, 
the clearance gas expands, the pressure falls, and the receiver pressure 



Fig. 5-8. Reciprocating-piston double-acting air compressor (positive-displacement 
machine). 


closes the delivery check valve. The pressure within the cylinder con¬ 
tinues to fall with movement of the piston until a pressure less than that 
in the intake pipe is obtained. Here the inlet check valve opens, and the 
remainder of the stroke inducts a new charge of gas. The reciprocating- 
piston compressor is an example of a positive-displacement machine. 

Although flow in and out of the cylinder is intermittent, steady flow is 
approached at the outlet of the receiver (which acts as a surge suppressor); 
here a calibrated nozzle can be installed to measure the mass-flow rate. 

Gases and liquids are also compressed and pumped by dynamic 
machines. For example. Fig. 5-9a illustrates a diffuser^ or turbine pumpy 
for liquids and Fig. 5-95, a centrifugal compressor for gases. In both 
machines, the fluid enters the inlet at 1 and passes into the impellery where 
part of the pressure rise occurs as a result of the radial flow of the fluid 
induced by centrifugal force. The fluid leaving the impeller has a high 
velocity, and when this velocity is reduced by the diffuser (or by the scroll 
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ton in a cylinder of cross-sectional area A), the work is approximately 

Work = (force) (distance) « p^yA Ax 

where Ax is the piston movement and pav is the average pressure. For a 
gas, Ax is relatively large; for a liquid, Ax is almost zero! It follows that 
inefficiencies in the compression process (in any type of machine) are not 
serious in pumping liquids, and dynamic devices are universal. It also 
follows that the machine for liquids is best described as a pump (Fig. 
5-9a) while the machine for gases is best described! as a compressor 
(Figs. 5-96 and 5-8). 

For all types of compressors or pumps, the work must equal, by Eq. 
(5-7d), 

y -2 _ y 2 

^Aw = {h 2 - h^) + - - Aq (d) 

The change in potential energy is invariably negligible, the change in 
kinetic energy is also negligible for the positive-displacement compressor, 
and it may be negligible for the other types. 

Equation (d) can be applied! to the working fluid alone or to the entire 
compressor. No assumptions need be made as to the perfections of the 
process or the mechanism. A part of the work may be dissipated in 
creating undesirable turbulence, and this energy reappears as an increase 
in the enthalpy of the fluid, or some of the work may be spent in overcom¬ 
ing mechanical friction, and the effect of this friction may be to increase 
the enthalpy of the fluid or else to increase the heat losses to the surround¬ 
ings. In any event, the equation holds for real or for ideal processes or 
machines since it is simply an energy balance for the system under 
observation. 

e. Gas or Steam Turbine. The elements of a small steam turbine (Fig. 
5-10) are essentially similar to those of a gas turbine, and the same expla¬ 
nation will apply to either machine. Steam at high pressure passes 
through a regulating, or throttlevalve and enters the steam chest. Upon 
leaving the steam chest, the steam enters one or more nozzles that are 
located adjacent to a wheel, or rotor. Along the periphery of this wheel 
are the blades, or buckets. The steam passing through the nozzle expands 

t Or as a fan (1 to 20 in. H 2 O pressure rise) or as a blower (1 to 30 psi rise). 

! The difficulty in practical application is to measure accurately the heat quantities. 
For this reason, the work is usually measured directly by a dynamometer or, with 
piston-type compressors, by an indicator (Art. 6-7). 

§ The line valve is also frequently called the throttle, even though this valve is not 
used to throttle the steam (except, of course, in starting); similarly, line pressure is 
unfortunately called the pressure at the throttle. 
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Fig. 5-10. Elements of steam or gas impulse turbine. 


and attains a high velocity with correspondingly high kinetic energy. 
The high-velocity stream leaves the nozzle and impinges on the blading, 
causing it to move. (Accordingly, a turbine of this type is called an 

impulse turbine.) As each blade 
rotates out of the path of the high- 
velocity steam jet, another blade 
takes its place and a continuous rota¬ 
tional force is thus applied to the 
wheel (Fig. 5-11). The speed of the 
wheel is controlled by the governor 
(Fig. 5-10). If the load is decreased 
and the turbine overspeeds, cen¬ 
trifugal force will cause the governor 
weights to move outward and tend 
to close the throttle valve. As the 
throttle is closed, the pressure in the 
steam chest decreases, the drop in 
pressure through the nozzle also de¬ 
creases, and lower velocity is attained 
by the steam and therefore less impulse is given to the turbine wheel. 

It may be of interest to examine the mechanism whereby work can be done by a jet 
of high-velocity fluid. In Fig. 5-11, the fluid leaves the nozzle at high velocity and 



Fig. 6-11. Nozzle and blading of impulse 
turbine. 
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enters the curved-blade passage. A diagrammatic sketch of the vector velocities and 
blade shape appears in Fig. 5-12. The initial absolute velocity V 2 has a velocity 
relative to the blade of Vr because of the 


Nozzle 


{Re/ofive velocity Vr 
of jet to blade) 


{Initial jet 
^2 velocity ) 


blade speed Vb. The contour of the 
blade causes the direction of the fluid to 
be reversed, thus exerting a force on the 
blade. The fluid leaves the blade with¬ 
out change in value of the relative veloc¬ 
ity if friction is absent. The absolute 
velocity of the fluid leaving the blade is 
the vector sum of Vr and Vh, as shown. 

The work done can be found by calculat¬ 
ing the force exerted on the blade or more 
simply by finding the decrease in energy 
of the fluid. First, assume that fluid fric¬ 
tion is absent and that the process is adiabatic. Therefore, hi = / 12 , and Ag = 0 
(while aPE « 0); hence, by Eq. (5-7d) applied to the system of Fig. 5-12, as repre¬ 
sented by Fig. 5-13a, 



Vj, {Blade 
velocity) 


{Finoljet velocity 
’ essentially 
perpendicular) 


Fig. 5-12. Ideal velocities in turbine blade 
(no friction). 


AtZ^blade 


Fa* - Fa* 


2Jgc 


If fluid friction is present, Ah is not zero and 

— AlCblade — hy — h2 -i -- 

2J(jc 

To evaluate the effect of friction, let the observer be located on the moving blade. 
This observer would see a stream of fluid with velocity Fr entering his system and 



{a) [b) 

Fig. 5-13. (a) Adiabatic system for flow through turbine blade (nozzle is in the sur¬ 
roundings); (6) nonadiabatic system for flow through entire turbine. 



leaving with velocity Fr'. To this observer, no work would be done since he would 
insist that his system was stationary (and the flow, as before, is assumed adiabatic). 
Hence, the observer would apply Eq. (5-7d) to his system and find that 

Vr' - Vr>' 

2Jgc 


hy — A 2 
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Thus, friction decreases the relative velocity of the fluid as it passes across the blade, 
and this dissipation of kinetic energy is reflected by an increase in enthalpy of the fluid. 

When the fluid leaves the blade, its absolute velocity may still be relatively high. 
This value is reduced by fluid turbulence within the casing (with consequent increase 
in enthalpy) to a value compatible with the mass-flow rate through the exhaust pipe 
(and this leaving velocity is usually negligible). 

In the same manner as for a blade, Eq. (5-7d) can be applied to the 
entire turbine (Fig. 5-136) by ignoring entirely the changes taking place 
within the system, 


— turbine 


64 /ll + 



- ^q 


Although the heat radiated or conducted to the surroundings may be 
large, the amount per unit of mass flow is usually negligible; also, the 
velocities of F 4 and V 1 are essentially equal. Hence, the turbine equation 
is simply 

“Aieturbine 64 }l\ 

The question again arises: Is this the maximum work that can be done 
by the turbine? No decision can be made from the evidence at hand. 
The work output is merely shown to be the difference between the total 
energy put in and that taken out of the system, and this relationship will 
be true for real or ideal machines. 





Fig. 5-14. Two-pass surface condenser. 


/. CondenserB. A surface condenser consists of a shell enclosing a num¬ 
ber of tubes in the manner illustrated in Fig. 5-14. Cold water is 






THE FIRST LAW AND THE DYNAMIC OPEN SYSTEM 77 

admitted to the water box and then passes through the lower bank of 
tubes to the opposite water box. Here it passes upward and back 
through the upper bank of tubes. This is a two-pass condenser. Steam 
is admitted at the top of the condenser and passes downward over and 
between the tubes and condenses 
on the cold surface of the tubes. 

The condensate is collected in the 
hot well and pumped back to the 
boiler. An advantage of a surface 
condenser is that it permits reuse of 
the condensed steam as boiler feed- 
water. Si nee the feedwater in many 
localities must be distilled or treated 
to prevent deposits in boiler and 
turbine, the use of a surface con¬ 
denser will effect a considerable sav¬ 
ing in treating costs. Also, the 
water used for condensing the steam 
never comes in contact with the con¬ 
densate, and any cheap water supply 
can be used for cooling the con¬ 
denser. 

The system of surface condenser and flow stream of steam-condensate 
or else the flow stream of steam-condensate alone is diagrammatically 
shown in Fig. 5-15, Since work is zero and the changes in kinetic and 
potential energies are negligible relative to the amount of heat, Eq. (5-7d) 
reduces to 

[^] 

6-9. The Steam Power Cycle. A simple steam power plant is shown 
in Fig. 5-16. Here water, pumped into the boiler by the centrifugal 
pump, is evaporated into steam while heat is supplied at a high tempera- 



Condensote 
[flow out) 


Fig. 5-15. System of surface condenser 
and single flow stream of steam and con¬ 
densate. (Flow stream of cooling water 
is in the surroundings.) 



Fig. 5-16. Steam power cycle. 



78 


ELEMENTS OF THERMODYNAMICS 


ture. The steam flows through the turbine, and work is produced. 
It then passes into the condenser, where it is condensed into water and 
heat is rejected at low temperature to the surroundings. The cycle 
is completed by pumping the condensate back to the boiler feed 
pump. 

Note that the over-all system in Fig. 5-16 is closed, although each proc¬ 
ess within the system is steady-flow. Thus, a number of open systems 
have been combined to form a closed system, which executes a thermo¬ 
dynamic cycle (Art. 4-4). This was made possible by locating the furnace 
(where combustion took place) in the surroundings. For the system of 
Fig. 5-16, the thermal efficiency is defined by Eq. (4-6), 


^ 2 ATT 

AQx 


(4-6) 


And, as discussed in Art. 4-4, the thermal efficiency is always much less 
than 100 per cent, values of 5 to 40 per cent being usual. 

Suppose that the furnace is included with the elements of Fig. 5-16 to 
form a new system (Fig. 5-17). This would be a steady-flow open system, 

and the work would equal (assum¬ 
ing AKEy APE to be zero) 

^Aw = h2 — hi — Aqr 

Observe that no heat is added to 
this open system and that the 
change in enthalpy (/12 — hi) in¬ 
cludes the chemical energy released 
by combustion (Art. 4-3/). Ob¬ 
serve, too, that Eq. (4-6) does not 
apply since no thermodynamic cycle 
takes place [not to mention the fact that Qa is zero and therefore 
Eq. (4-6) would yield an infinite value]. 

6-10. Non-steady-flow Problems, t To solve Eq. (5-4e) in the general 
case is difficult, but for a restricted class of processes, simple time func¬ 
tions can be assigned (explicitly or implicitly) to allow an easy solution. 
A case of importance occurs when there is one flow boundary with cj being 
constant while the energy e of the system is all in internal form {u). 
Here Eq. (5-4e) reduces, with the help of the continuity equation [Eq. 
(5-5a) , to 

AQ — AW = 77221/2 — miUi — (7712 — 772i)e/J^ ^ (5-4/) 



Fig. 5-17. Steady-flow system of furnace 
and cycle. 


t Continued in Art. 12-1. 
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Also, the mass of fluid within the system equals 

V 

m = — 

V 

And if the system is of constant volume, the ratio of m 2 to nti is 

m2 __ Vi] 

mi Vijvc 

Filling Processes. Consider the system in Fig. 5-18. Here a tank 
(the system) is to be filled with fluid from a large reservoir (the surround¬ 
ings). Work may be transferred by change in volume of the tank as well 
as by internal electrical or mechanical devices. The process is not neces¬ 
sarily adiabatic. However, if the reservoir is large relative to the system. 



Fig. 5-18. The filling process from an infinite reservoir. 

the properties of the entering fluid stream will be essentially constant 
and Eq. (5-4/) is applicable. 

Example 8. A small evacuated container is connected to a large steam line that 
contains saturated steam at 100 psia. If the container is filled with steam to the 
line pressure, what will be the final state of the steam? (Assume that the heat 
capacity of the container and the heat transferred are zero.) 

Solution. Since the container is empty at time zero, mi = 0 and ui « 0, while 
€j ^ h, the enthalpy of the fluid in the reservoir. Hence, Eq. (5-4/) reduces to 

m2Ui =* m^e/ 

From Table B-4, for 100 psia saturated steam, 

h * 1187.2 Btu/lb« t * 328°F 
The final conditions in the tank are 

100 psia uj ^ 6/ ^ 1187.2 Btu/lb,» 

Interpolating in Table B-4 for these values. 


ts « 540®F (p* 100 psia) Ans. 
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The temperature rise from compression of the steam in the container is 


640° - 328° = 212°F 

Thus, the steam in the container is highly superheated although the steam in the 
reservoir is not. 

Example 4. At the end of the exhaust stroke in an internal-combustion engine, 
the combustion chamber is filled with exhaust gas of mass mi and internal energy ui. 
The piston then moves out on the intake stroke, and the system (the gases in the 
cylinder) enlarges from Fi to Vz while air and fuel are inducted. If all these processes 
occur at the constant pressure of the atmosphere, p, and if heat transfers are zero, 
determine an equation for the state of the mixture at the end of the intake stroke. 
Solution. The work done by the expanding system is 


^W 


= p dV = Piv, - F.) 


Also, by definition, 


With Eq. (5-4/), 


V, Vr 

m2 — — mi = — 
Vz Vi 

AW ^ pimzVz — nxiVi) 


— pimzVi — mit;i) = mzUz — niiVi — (m2 — mi)e/ 

And this reduces to 

m2/i2 == m/€/ -f niihi Ans. 


PROBLEMS 

Draw a diagrammatic sketch of the system for each problem with the boundary 
emphasized; label system and surroundings; show directions of heat and work by 
arrows: designate numerical values of all variables. Note that the continuity equa¬ 
tion may be required for the solution. 

1 . A system has a mass-flow rate of 1 Ibm/sec. The enthalpy, velocity, and height 
at the entrance are, respectively, 100 Btu/lb^, 100 ft/sec, 300 ft. At exit, these quan¬ 
tities are 99 Btu/lbm, 1 ft/sec, —10 ft Heat is transferred to the system of amount 
5 Btu/sec. How much work is done by this system (o) per pound of fluid flow, (6) per 
minute, (c) in horsepower? 

2. Repeat Prob. 1, changing the entrance and exit conditions to h\ = 1000 Btu/lbm, 
Fi «= 10 ft/sec, Zi = 100 ft, hz = 1030 Btu/lbm, V2 = 10 ft/sec, Zz - 50 ft. 

3. On entering a system, the pressure is 100 psia, specific volume 3 ft®/lbm, and inter¬ 
nal energy 900 Btu/lbm. On leaving, the pressure is 90 psia, specific volume 4 ft*/lbm, 
and internal energy 850 Btu/lbm. If the process is adiabatic and without change in 
kinetic or potential energy, how much work can be done? 

4. A fluid enters a system with a velocity of 10 ft/sec through a 6-in .-diameter round 
pipe The enthalpy is 1000 Btu/lbm, internal energy is 900 Btu/lbm, and the pressure 
is 100 psia. At exit, the enthalpy is 900 Btu/lbm- If the process is adiabatic, while 
the changes in kinetic and potential energies are negligible, find the rate of work in 
horsepower. 

6. Water enters a boiler with enthalpy of 60 Btu/lbm, and steam leaves with enthalpy 
of 1200 Btu/lbm- How much heat was transferred? Define the system. 
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6. From Fig. 5-6, define a system that will allow steam to be generated without flow 
of heat to your system. What is transferred in this double-circuit flow system? Set 
up an equation for the system of combustion gases alone in Fig. 5-5. 

7. From Fig. 5-8, define a system that will be essentially adiabatic. How many 
flow circuits are involved? 

8. An air compressor compresses 100 cfm of air with specific volume of 12 ft*/lbm; 
the enthalpy of the air increases 300 Btu/min, while the enthalpy of the cooling water 
increases 20 Btu/lb^ of air delivered. Neglecting changes in kinetic or potential 
energy, find the horsepower required by the system. 

9. A centrifugal air compressor compresses 5 Ibm/min of air from an initial pressure 
of 14.7 psia to a final pressure of 150 psia. The change in enthalpy of the air is 25 
Btu/lbm. How much work is required to drive the compressor? 

10. A gas expands in a nozzle with the change of enthalpy equal to —50 Btu/lbm. 
What will be the velocity of the fluid if the initial velocity is zero? If the initial 
velocity is 100 ft/sec, what will be the final velocity? 

11. A fluid passes through a device wherein the velocity increases from 15 to 1,000 
ft/sec without transfers of heat or work. What is the value for the change in enthalpy ? 
The outlet velocity is dissipated by friction and turbulence until the initial value for 
velocity of 15 ft/sec is regained. What is the value for the change in enthalpy when 
this condition is reached? 

12. As the flow jet passes across a turbine blade without friction, its velocity is 
reduced from 1,500 to 500 ft/sec. How much work can be done by the system of 
blade and fluid? 

13. As the flow jet passes across a turbine blade with friction present, its velocity is 
reduced from 1,200 to 300 ft/sec while the enthalpy increases 10 Btu/lbm. How much 
work can be done by the system? 

14. The enthalpy of the fluid entering a reaction turbine is 1000 Btu/lbm, while at 
the exit the enthalpy is 900 Btu/lbm. How much work can be done by this system if 
changes in kinetic and potential energies are negligible and the system is essentially 
adiabatic? How can this problem be solved, since you do not know the sequence of 
processes or the mechanism within the turbine? 

16. Steam enters a condenser with enthalpy of 1000 Btu/lbm, and condensate leaves 
the condenser with enthalpy of 80 Btu/lbm. The cooling-water circuit has a tempera¬ 
ture increase from entrance to exit of 10°. If this temj>erature rise corresponds to an 
enthalpy increase of 10 Btu/lbm of cooling water, how many pounds of cooling water 
are needed to condense 1 Ibm of steam? 

16. Steam enters a four-pass condenser with enthalpy of 1000 Btu/lbm and velocity 
of 300 ft/sec, while the condensate leaves with enthalpy of 80 Btu/lbm and negligible 
velocity. How much heat must be transferred from the system of steam and con¬ 
denser? Repeat, assuming a two-pass condenser. 

17. The heat transferred to a power cycle is 1200 Btu/lbm, while the heat rejected 

is 800 Btu/lbm and the pump work is 5 Btu/lbm. What is the value for thermal 
efficiency? Ans. rii - 33>^%. 

18. The heat rejected from a power cycle is 400 Btu/lbm, while the work done by 
the turbine is 200 Btu/lbm and the pump work is 5 Btu/lbm. Calculate the thermal 
efficiency. 

19. Fluid enters a turbine with velocity of 5 ft/sec and enthalpy of 900 Btu/lbm and 
leaves with enthalpy of 800 Btu/lbm and velocity of 300 ft/sec, while the heat loss is 
30 Btu/min and flow rate is 1 Ibm/sec. What horsepower will be developed? 

20. The absolute velocity of the fluid leaving the nozzle is 1,000 ft/sec, and the 
velocity of the blade is 500 ft/sec. 
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(а) If the angle of the nozzle to the blade is 12®, what angle will the relative velocity 
vector make to the axis of the blade (graphical solution)? 

(б) Suppose the fluid leaves the blade with a relative velocity only 0.9 that of the 
entering relative velocity. What will be the value for the work done by the blade? 

(c) If no friction is present, how much work will be done? 

21. Water is drawn from a lake, pumped up to a city 486 ft above lake level, and 
forced through the nozzles of a fire hose at 64 ft/sec. Neglecting friction, what horse¬ 
power is theoretically needed to deliver 5,000 Ibm/sec of water? 

22. An insulated, rigid tank with zero heat capacity contains 10 Ibm of air (ideal 
gas) at 20 psia and 100®F. It is quickly filled with air from a large reservoir at 200 
psia, 100°F. Determine the final state of the air in the tank and the amount added. 

28. A bottle of 2 ft* capacity is evacuated to 0.3 psia with the temperature that of 
the room, 70®F. The bottle is uncorked, and air (ideal gas) rushes in, restoring the 
pressure to atmospheric. What is the final temperature of the air in the bottle, 
assuming losses to be zero? 

24. The intake valve on an automotive engine is not opened until the intake stroke 
is over, and then the cylinder fills with air (ideal gas) to atmospheric pressure. Assume 
that 0.0(X)4 Ibm of air is in the cylinder at p = 4 psia, i * 20°F when the valve opens. 
Calculate the final temperature if heat losses are neglected for outside air at 14.7 psia, 
25°F. 

26. Repeat Example 4, but (a) for a supercharged engine (pa > po) and (6) for a 
throttled engine (p® < po) with constant pa. 
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CHAPTER 6 


THE REVERSIBLE PROCESS 


Though the mills of the gods grind exceedingly 
slow, yet they grind exceedingly fine. 

Von Logau 


In his search for the most efficient way to produce work from heat, the 
engineer must examine each process for imperfections. From experience, 
he has found it easy to convert work into heai hut impossible to convert heat 
into work completely and continuously For this reason, he must avoid 
processes that allow work, or even a latent capability to do work, to be 
dissipated in friction or turbulence. 

6-1. Available Energy. Energy can exist in many forms, but not all 
these forms can be converted completely into work, even under ideal con¬ 
ditions. Thus, energy is considered to have available and unavailable 
parts: 

Available energy is that portion of energy which could be con¬ 
verted into work by ideal processes which reduce the sys¬ 
tem to a dead state—a state in equilibriiun with the earth and its 
atmosphere. 

Suppose that a closed system contains energy in several forms. This 
energy would be capable of doing work if the intensity factors for the 
various forms of energy were different from those of the ultimate sur¬ 
roundings for all systems, the earth and its atmosphere. (Here atmos¬ 
phere implies the rivers and lakes as well as the air of the earth.) Con¬ 
sider, first, the sensible internal energy of a system. If this system has a 
pressure different from that of the surroundings, work can be obtained 
from an expansion process, and if the system has a different temperature, 
heat can be transferred to a cycle and work can again be obtained. But 
when the temperature and pressure become equal to those of the earth, 
transfer of energy ceases, and although the system contains internal 
energy, this energy is unavailable. 

t A statement that can be called an axiom of the Second Law. This chapter dis¬ 
cusses such axioms of experience that, in the next chapter, are formalized into a general 
theorem called the Second Law. 
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When the available energy of a flow system is considered, the defined 
form of energy called flow energy (Art. 5-3) must also be included even 
though the source of the flow energy lies in some other system: Never¬ 
theless, the flow energy of the stream is available to do work and should 
properly be included as a part of the available energy of the system. 
Here, as in the case of expansion energy, the available part of flow energy 
is that over and above the energy necessary to overcome the pressure of 
the surroundings. 

Potential and kinetic energies are considered to be entirely available 
energy because the properties of height and velocity are measured relative 
to the surface of the earth. If, for example, the datum of zero potential 
energy were to be located at the center of the earth, potential energy 
would be, to a great extent, unavailable energy. In close similarity to 
potential energy, electrical energy is also entirely available, since the 
intensive property of electrical potential is measured as a difference in 
potential (Art. A-1). 

The concept of available energy is somewhat qualitative since the 
transformation of energy into work depends upon the type of system as 
well as on the surroundings and the allowed interactions between system 
and surroundings (Arts. 12-2 and 12-3). 

Thus, available energy denotes the latent capability of energy to do 
work, and in this sense it can be applied to energy in the system or in the 
surroundings (since the surroundings are but another system); it is also a 
metonym for work in cases where the boundaries are not well delineated. 

6-2. The Ideal, or Reversible, Process. Work must be a more precious 
form of energy than heat because only a fraction of the heat supplied to a 
cycle can be transformed into work. Work is more adaptable than heat. 
To accomplish the same objective, work can always be substituted for 
heat (turbulence and frictional effects), but the reverse is not true: heat 
cannot always be substituted for work. Evidently, the clue to perfection 
of a process is to ensure that work is not being used to effect a change that 
could be as readily attained by transfer of the cheaper commodity, heat: 

A process is ideally performed when neither work nor available 
energy is used to cause a change that could have been accom¬ 
plished in whole or in part by transfer of heat. 

It then follows immediately that the test of perfection is this: 7/ the process 
is stopped and made to retrace its steps by returning to the system or the sur¬ 
roundings the work and heat previously delivered^ only the ideal process can do 
this and restore both system and surroundings to their initial states. Hence, 
the ideal process must be a reversible process, and therefore this new name 
is adopted as a synonym for perfection: 

The ideal process is called a reversible process. 
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Note that many real processes can be stopped, reversed in direction, and 
the original state of the system regained, but these real processes are not 
reversible in the thermodynamic sense since examination will invariably 
show that either work or available energy of the surroundings has been 
dissipated in a heating effect. 

On the other hand, the ability of the real process to undo itself—to 
reverse its procedures—is the initial guide in the search for perfection. 
For example, if a gas is adiabatically compressed by a piston in a cylinder, 
at any stage of the compression the process can be reversed in direction 
and almost all the work put in can be regained on the expansion process. 
The process approaches reversibility. But if the brakes on a car are 
applied, kinetic energy is dissipated into a heating effect of the brake 
drums. The process is highly irreversible since the available energy cor¬ 
responding to the decrease in velocity was entirely dissipated in friction. 

It should be carefully noted that reversibility is a limit that cannot be 
attained by the real process. For the real process, a difference must exist 
in some property, such as pressure or temperature, if energy is to be trans¬ 
ferred. If such differences were to be made vanishingly small, the real 
process would require an infinite time for completion.! Certain proc¬ 
esses, however, can approach reversible operation. The task of the engi¬ 
neer is to recognize and evaluate the factors preventing reversibility and to 
select those processes which, while not reversible, at least have adequate 
justification for the irreversibilities present. 

6-3. Reversible and Irreversible Processes. In Fig. 6-1 is shown an 
adiabatic system of fluid alone. If the piston moves at a slow speed, 
essentially the same pressure will 
exist at any instant in all parts of 
the chamber. Now assume that 
the piston moves at a rate such that 
a pressure difference is present be¬ 
tween chambers A and B. A lower 
pressure will be exerted on the pis¬ 
ton than was experienced before, 
and a lesser amount of work will be 
done. If no pressure gradients 
were present (and therefore no fluid 

turbulence), if the system were truly adiabatic (no temperature gra¬ 
dients), the piston could be stopped and reversed with the gas being 
compressed from state to state in the exact inverse order of the orig¬ 
inal expansi<'n by returning to the system the work previously 



m^) 


Fig. 6-1. Adiabatic system of fluid alone. 
(Similar to a precombustion-chamber 
diesel engine.) 


t But the reversible process, being a hypothetical process, can be operated at any 
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delivered to the surroundings. This would be a reversible process: 

A reversible process must pass through the same states on the 
reversed path as were initially visited on the forward path. 

Since the system and surroundings were returned to their initial states: 

A reversible process, when undone, will leave no history of the 
events in the surroundings. 

In the irreversible expansion process (Fig. 6-1), the fluid was highly 
turbulent because of the variation in pressure; therefore, definition of a 
single state for the system at any instant was impossible. It follows that 

A reversible process must pass through a continuous series of 
equilibrium states. 

Consider a reversible and an irreversible expansion process receiving 
heat from a single constant-temperature source. For the reversible 
isothermal process, the hypothetical transfer of heat takes place without 
temperature difference between source and system. For the irreversible 
process, the transfer of heat is taking place across a finite temperature 
difference. Then, at any stage of the expansion, the fluid in the irrevers¬ 
ible process will be at a lower temperature than that in the reversible 
process, and therefore the pressure! will be lower. The work done by the 
irreversible process will be less than that .of the reversible process. 
Similar reasoning shows that more work will be required for the irreversible 
compression process (relative to the reversible compression) to achieve 
the higher temperature necessary to establish a temperature difference 
between the system and surroundings. 

A process is irreversible if heat is transferred through a finite 
temperature difference. 

The examples have emphasized that reversible processes can be 
stopped at any instant and restored to their original states. This concept 
is more difficult to visualize when applied to open systems under steady 
flow, where kinetic effects usually lead to irreversibilities. Despite this 
difficulty, such processes can be examined to see how closely the original 
state can be regained by inverting or reversing the steps or stages of the 
process. For example, in flow through a nozzle the pressure decreases 
while velocity increases. Then, if the high-velocity fluid is led through 
a diffuser (Fig. 6-2), the velocity can be reduced to its original value 
and the pressure increased toward its original value. If expansion 

t Let the substance be an ideal gas. Here p * mRT/V; hence, at equal stages of 
the expansion, the gas at the lower temperature has the lower pressure. 



THE REVERSIBLE PROCESS 87 

through the nozzle were reversible, then an ideal diffuser could restore 
the initial state. 

Note that a diffuser is merely a reversed nozzle but of longer length. 
The combination of nozzle and diffuser is called a venturi. 

It is helpful to divide the irreversibilities present in a system into two 
classes, internal and external. An internal irreversibility occurs within the 
system and arises because of any un¬ 
balance^ such as temperature and 
pressure gradients^ that prevents at¬ 
tainment of an equilibrium state. 

An external irreversibility occurs at 
the boundary of the system and arises 
because of friction or because of any 
unbalance across the boundary^ such 
as a temperature difference. By redefining the system, external irreversi¬ 
bilities can be made a part of the surroundings, and the new system 
may approach reversible operation (if internal irreversibilities are 
negligible). 

With the concept of reversibility in mind, it would appear that the real 
process should be op)erated at an exceedingly slow pace. But consider the 
expansion of a hot gas. If the process is slowly executed, losses from 
turbulence will be low, but unavoidable heat losses, high. Thus the ideal 
expansion process for the production of power is universally considered to 
be adiabatic, and the adiabatic process is best approached by high-speed 
operation. When the transfer of heat is studied, a large temperature 
difference dictates a loss of available energy but the speed of heat transfer 
is increased by the temperature difference and therefore the size (and the 
cost) of the equipment is reduced. Hence, the engineer must weigh one 
advantage against the other and, in the final analysis, select the process 
and equipment which yield the greatest saving of money. 

6-4. Mechanical Work—Closed System. The work of expansion or 
compression arises from the pressure of the system moving the boundary 
against a resistance offered by the surroundings. 

Work = (force) (distance) 

The force equals the product of the moving area A and the indicated 
pressure p,^ at the boundary. Since Pi^ is not necessarily constant, the 
approximate change in the work function for the system from time 
Ti to t 2 is 



AW « Ax (a) 

By dividing by Ar and then allowing Ar to approach zero (noting that 
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A Ax is the change in total volume AF of the system) 


dW dV 

dr dr 


(6-lo) 


Or, by multiplying by Ar, by definition of dW [Eq. (A-4a)], 

dW = dV (6-16) 

Equations (6-1) apply to both reversible and irreversible processes. 

For the reversible process, is not only the pressure (force) at the 
moving boundary but also the pressure (a thermostatic property) of the 
entire system. Also, for the reversible process, the volume equals mv, 
where the specific volume, has but one value throughout the system 
(at a time r). Hence Eqs. (6-1) for the reversible process become 


dW dv 


dW^,rey = 'mp dv 

And integrating from ri to t 2 (corresponding to Vi and ^^ 2 ), 


(6-2a) 

(6-26) 


ATFnf.rev = rn f^^pdv (6-2c) 

Jvi 

Although Eqs. (6-1) and (6-2) are similar, note that p and v in Eqs. (6-2) 
are properties of the entire system; the corresponding variables pin, and V 

in Eqs. (6-1) are best viewed merely as 
the components of force and distance. 

To study a process, it is convenient to 
show the change on a diagram that has 
properties as coordinates. The pv diagram 
(Fig. 6-3) is important because the area 
under the pressure-volume path may be 
work, for this area is fp dv. Since each 
state on the diagram presupposes an equi¬ 
librium state, a continuous path (1-2) can be 
rigorously interpreted only as an internally 
reversible process.! This is not as serious 
a restriction as it might seem. For fluids 
compressed or expanded within a cylinder 
by a piston, the internal irreversibilities may be quite negligible. How¬ 
ever, for fluids compressed by centrifugal means, the pv diagram should be 
used only to show the initial and final states. These two states can be 
located and connected by a dashed line (1-3) to indicate the uncertainty 



Fig. 6-3. Pressure-specific-vol¬ 
ume diagram {pv) 1-2, rever¬ 
sible, and 1-3, irreversible ex¬ 
pansion processes. 


t Real processes, however, that approach reversibility may be shown as solid lines 
in subsequent figures. 
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of the path, for in such processes there may be finite differences in pres¬ 
sure, temperature, specific volume, and other properties, and a single state 
for the system is impossible to define. In other cases of irreversibilities, it 
may be possible to stop the process (if only in imagination) at frequent 
intervals and so attain an equilibrium state. The path can be approxi¬ 
mated in this case by connecting the known (or imagined) equilibrium 
states and representing the process, as before, by a dashed line. 

The irreversible process is usually shown as a discontinuous line 
on the pv diagram. 

Example 1. During a reversible and nonflow expansion process, the pressure and 
specific volume are observed to be related by the relationship pv ^ C (constant). 
Derive a formula for the work done. 

Solution. AiWrev = !p dv and p = C/v. 

^ ^ f^*dv y Vi , Pi 

Awrf^v = € — =CIn— = piVi In — =* piVi In — Ans. 

Jvi V t>l P2 

Work can also be obtained from changes in either kinetic or potential 
energies. Since these forms of energy are fully available (Art. 6-1), com¬ 
plete conversion is the reversible work. Hence, the ideal mechanical 
work of the closed system from expansion and from changes in KE^ PE is 

= mp dv ~ d{KE) - d{PE) (6-2d) 

AlT„,.,ev = ni pdv - AKE - APE (6.26) 

where, again, time is the independent variable. 

6-6. Mechanical Work—Steady-flow System. For the simple case of 
steady flow, the ideal work can be readily deduced. Consider the flow of 

unit mass of substance through a steady-flow system. The work 

delivered to the surroundings equals 

-Aic .1 = Ah + AKE + APE - Aq (5-7d) 

(and the increments are for functions of length). Now follow the same 
unit of mass (that is, consider it to be a closed system) as it passes from 
Li to L 2 in space. The work of this closed system involves the fluid 
behind and the fluid ahead of the element under observation as well as the 
net work delivered to the surroundings. The gross work, however, equals 

— AWaf = Au + AKE + APE — Aq (4-4d) 

(and the increments are for functions of time). Although the increments 
in Eqs. (4-4d) and (5-7d) are for different independent variables, the 
numerical values of Au, Ah, AKE, APE, and Aq are the same for either 
system since the same element was observed. Thus the mechanical work 
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of the steady-flow system differs from that of the closed system by the 
numerical difference between Aw and Ah, 

Aw,f - Aic„r = -Apv (a) 

Jrev or 
irrev 


For the reversible process, Aiy^f can be found from Eq. (6-2c), which must 
yield the same answer whether integrated from n to t 2 or from Li to L 2 ; 
therefore, by Eq. (a), 


= f pdv - Apv - AKE — APE 

reveriible J 

L\ to Lj 


(6-3a) 


Since all terms in Eq. (6-3a) are functions of length, it can be treated in 
the usual manner to yield 


du\f = p dv — d{pv) — d{KE) — d{PE) (6-3?)) 

rev 

dw^i = —vdp^ d{KE) — d{PE) (6-3c) 

rev 


Thus, the mechanical work of the steady-flow process is derived from 
expansion energy, flow energy, kinetic energy, and potential energy. 

6-6. Process Equations. The sequence of states followed by a process 
of a closed system is dictated by the First Law energy equation, 

dq — dw = del (4-4c) 

J closed system 
rev or irrev 


If the work of the system is mechanical and reversible, by Eq. (6-2d), 


d^rev 

~ du p dv 

(6-4a) 

If the pressure is constant, 



d^rev 

— dE\p^c 

(6-46) 

If the volume is constant. 



dqrmy 

= du]r^ 

(6-4c) 


When the derivations are repeated but for a steady-flow process (Probs. 16 
and 17), the same equations are obtained; therefore, Eqs. (6-4) hold for the 
reversible processes of either closed or steady-flow systems (Art. 7-4) (bjit 
with different independent variables). 

For the adiabatic process, dq is zero in Eq. (6-4a), and 

du — —p dv (a) 

Observe that Eq. (a) involves only thermostatic properties that are evalu¬ 
ated by an observer at rest relative to the substance; therefore, Eq. (a) 
holds for either closed or steady-flow systems without inquiring as to the 
independent variables (Art. 2-ll).t 


t Problem 20. 
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Equation (a) can be solved for an ideal gas by substituting Eqs. (3-5a), 
(3-85), and (3-9) and rearranging, 

1 dT dv 


Integration yields, with k considered constant, 

T, _ (vjV-^ 

Tr \v,) 

And, with the ideal-gas equation of state, 



(6-5o) 

(6-56) 


Equations (6-5) are the relationships among temperature, specific vol¬ 
ume, and pressure for the reversible adiabatic process of an ideal gas. 
Comparison of these equations with Eqs. (3-7) shows that the path of the 
reversible adiabatic process can be designated by k^ 


= C 


(6-5c) 


Equations that involve only heat or only work must always be exam¬ 
ined to see whether or not the restriction of reversibility is present. For 
example, Eqs. (4-4) hold for all 
processes, but not Eqs. (6-2) or (6-4). 

Once both heat and work disappear 
from the equation^ the question of revers¬ 
ibility is left unanswered. Thus Eqs. 

(a), (6), and (6-5) definitely hold 
for the reversible adiabatic process 
of an ideal gas because of the restric¬ 
tions of the derivation, but they may 
also hold for certain (but not all) 
irreversible processes.! This is be¬ 
cause the distinction between heat 
and work is a matter of definition Fig. 6-4. Indicator diagram or pressure- 
and the properties of the system can- volume diagram (pV). TDC, top dead 

not distinguish, for example, between (inner limit of piston stroke); 

BDC, bottom dead center (outer limit 
a reversible now of heat and a fnc- of piston stroke). 

tional dissipation of work. 

6-7. Indicated Work. Reciprocating-piston machines are used for 
many purposes (Art. 5-M). Since such machines are continuously 
operated, a mechanical cycle is completed and the atmospheric work on one 
stroke of the piston is canceled by that on the return stroke (Art. 4-2). 
The indicated work of the mechanical cycle can be calculated from the 



t Article 11-3. 
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indicator diagram (Fig. 6-4). This diagram is a record of the pressures 
in the cylinder at each stage of the cycle drawn to scale by an indicator. 
Whether the real engine process approaches reversibility or not, the 
indicator, if precise, will yield a diagram with area proportional to the 
work done on or by the fluid if the pressure recorded by the indicator is 
essentially that experienced by the piston (since the indicated area is 
merely an integration of force through distance). For the usual locations 
where the indicator is tapped into the cylinder, even the fastest engines 
will not create a significant pressure difference between indicator and 
piston. 

The indicated work of the real steady-flow system for one cycle of oper¬ 
ation is found by integrating Eq. (6-16) over the cycle of Fig. 6-4, 


W 


indicated 
rev or irrcv 


^ Pirn dV 


(6-6a) 


The integration of Eq. (6-6a) is graphically made by measuring the 
enclosed area of the indicator diagram and calculating an average pressure. 
The net average pressure is called the indicated mean effective pressure 
(imep) for the diagram, and it is the difference of the average pressures for 
each stroke of the piston, 

closed area of diagram , , //. /.lx 

p,m = imep =-- tt— 7 .-r—^- X ordinate scale (6-66) 

length of base 

The indicated mean effective pressure can be defined as that constant 
pressure which, by acting alone throughout one stroke, can perform the 
same amount of work as the varying pre.ssure does in the complete cycle 
of strokes. Thus, the indicated work of one diagram is 

TFim = (imep) (area of piston) (length of stroke) 

= p.mAL 

The product AL is called the piston displacement Vo, and for one diagram 

= p,^Vn (6-6c) 

(The usual units are in pounds force per square inch, Vd in cubic 
inches, and in foot-pounds force.) 

The indicated work of an engine is greater than the work delivered to 
the shaft because of friction within the mechanism. Conversely, if the 
machine does not deliver work but absorbs work (an air compressor, for 
example), the indicated work is less (without regard for sign) than the 
shaft work. In either case, the difference is the friction work (let the 
algebraic sign of TF,,iction be always positive while that of TF,h.ft is positive 
or negative), 


IFinj W gtiaft ”f” IFfriotion 


(6-6d) 
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The indicated horsepower is defined as 


ihp 


PiJjAN 

33,000 


(O-Ge) 


where = number of mechanical cycles per minute. 

6-8. Other Work Problems. Although thermodynamics is primarily 
concerned with chemical systems, the thermodynamic method is applica¬ 
ble to all systems, the main objective, however, being to arrive at property 
interrelationships rather than to study energy transformation. For 
example, consider a bar or wire of length Lo and cross-sectional area Ao at 
time To. Let an axial force F be applied to cause an axial displacement 
AL. Then for reversible or irreversible processes with or without heat 
transfer, t 


C^l^'r^vurirrev = ~ FdL 

Ti to Tj 


(a) 


If internal friction is absent (elastic bodies), then for pure tension or 
compression the stress {(t = F/Ao) and the unit strain (At = AL/Lo) are 
single-valued throughout the bar at time r. By dividing (a) by AoLo, 


dWrey = ~~ (J de 

Ti to Tj 


work 

unit volume 




(6-7a) 


To integrate Eq. (6-7a), the relationship between stress and strain for 
the process must be known. Although an infinity of relationships are 
theoretically possible, only the adiabatic and constant-temperature proc¬ 
esses are practical. A modulus of elasticity is defined as 


E - 


d(T 

dc 


although the usual practice in engineering is to express the modulus as a 
constant (implying an exact linearity between stress and strain). For 
example, Young’s isothermal modulus is generally shown as 


The solid system also has a work term arising from changes in volume of 
the bar against the pressure of the surroundings. But practically, this 
term is extremely small, and, more important theoretically, to bring it 
into the discussion would introduce an inconsistency: The system was 


t Tensile forces, stresses, and strains are defined positive in sense, and compressive 
forces, stresses, and strains are defined negative, so that the conventions for the 
algebraic signs of work are obeyed (Art. 2-13). 
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restricted to pure tension or compression. Therefore, Eq. (6-7a) alone is 
substituted into Eq. (4-4c) to obtain the energy equation for an idealized 
solid system : 


d^rev = du a de 


enoTgy 

volume 


(6-76) 


The stress a depends on the strain, which is also influenced by the 
temperature. Hence the equation of state for the idealized solid 
system is 

/(cr,6,T) - 0 (6-7c) 


Observe that the number of independent thermostatic properties has been 
decreed to be two [Eq. (6-7c)}. Hence the internal energy (and other 
thermostatic properties) is a function of any two of the properties in 
Eq, (6-7c), 

The electrical potential V is defined (Art. A-1) as a definite quantity of 
available energy per unit charge; therefore electrical woi k is the product of 
the potential difference Vat and the number of charges. Since Vab is not 
necessarily constant, the work of the reversible or irreversible system 
equals 


dWr,v or = Vabdq 
irrev 


joule 

coulomb 


[coulomb] 


(()-8a) 


If the system is reversible, the potential difference Vab is equal in magni¬ 
tude to the emf and reversibility is ^'signaled^^ by the symbol 8: 

= ^dq [joule] (6-86) 

Tj to rj 


The work of the closed system may arise from mechanical as well as 
electrical effects: 

dITrev = pdV + d{KE) + d{PE) +l^dq (6-8c) 

The electrical work, 8 d^, may be independent of other work [similar to 
d{KE), d{PE)], as, for example, in a system containing an ideal electric 
motor and an uncharged gas. When the electrical work is not indepen¬ 
dent, the problem becomes involved since three independent thermostatic 
properties are required to fix the state. But for a galvanic cell, the 
electric charge need not be a variable (for the usages of thermodynamics), 
and a relatively simple energy equation can be obtained. 

When fuel and air react in a combustion process, available energy is dissipated since 
the process is irreversible. In a number of cases, an essentially reversible chemical 
reaction can be approached by the use of a galvanic cell. For example, suppose 
that two different metals (the electrodes) are inserted into an electrolyte. The atoms 
of the metals have a tendency to form positive ions in the solution by leaving behind 
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their negative charges (electrons). Since the process depends on the materials, 
one of the electrodes will be at a higher potential than the other, and a flow of current 
can therefore be obtained in an external circuit. A gas can be the electrode if an inert 
metal, such as porous platinum, is used as a holder, for example, hydrogen and 
oxygen electrodes in an aqueous sulfuric acid solution. When the cell discharges, the 
chemical reaction is in the direction 


H2 + H2O 

And, if the cell is charged (the flow of current reversed), the opposite reaction takes 
place. The test of reversibility parallels that for mechanical work. An opposing 
potential, controlled by a potentiometer, is applied to the cell so that the flow of 
current is very small, and it is observed whether or not a change in direction of the 
current (corresponding to a change in direction of the chemical reaction) can be 
obtained without significant change in the applied potential. The galvanic cell 
approaches reversibility if it can pass this test. The balancing potential at the point 
of zero current (equilibrium) is equal, by definition, to the emf 8 of the chemical 
reaction. It is the maximum work that can be done per unit charge when the chemical 
reaction is proceeding reversibly (Art. A-1). Since £ depends on the states of reactants 
and products (which may include the concentrations of solutions) as well as the tem¬ 
perature and pressure, it is a property. 

If the galvanic cell is operated reversibly (that is, a very large cell is 
imagined to be operated at constant T, p, and 8 ), the electric charge con¬ 
centration on the electrodes does not change; therefore, the net effect is to 
convert reactants from their initial states into products at their final 
states and push aside the atmosphere. Hence Eq. ( 6 - 8 c) reduces to 


AITrev 1 = 8 Ag (6-8d) 

Every ion with the same valence carries the same basic charge, either 
positive or negative, although the masses of the various ions are propor¬ 
tional to their respective atomic weights. The passage of 1 faradayf of 
charge will transfer 1 gram equivalent of substance (1 gram-atomic weight 
of univalent ion; 3^^ gram-atomic weight of bivalent ion, etc.). If n is the 
number t of faradays for the reaction, Aq = nF, and Eq. ( 6 - 8 d) reduces to 

AWr.. ] = nF 8 ( 6 - 8 e) 

[joule] = [coulomb] 

With the foregoing comments and procedures in mind, an equation of 
state § for a system containing a reversible galvanic cell could be proposed 
of the form 

/(p,T, 8 ,mi,m 2 , etc.) = 0 


t Article A-1. 

t Equal to the valence of the ions being transferred. 

§ Another version of an 'incomplete” equation of state (Art. 2-12). 


(G-9a) 
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wherein mi, m 2 , etc., are variables of the cell (such as concentrations) that 
affect 8. However, when mi, m 2 , etc., are held constant, for the hypo¬ 
thetical reversible operation, the ^'equation of stateis simply 

/(p,T,£) = 0 (6-96) 

In some cases, the effect of pressure is negligible, and temperature and 
emf are the only variables. 

By substituting Eqs. (fi-2e) and (6-8c) into Eq. (4-46?), 

^ = AI/ + p AF + nF8 (6-lOa) 

AQrev 7. g ~ (6-106) 

(Here capital letters are used to warn of the chemical reaction.) Equa¬ 
tion (6-106) is the energy equation, not for a galvanic cell being charged 
or discharged, but for the chemical reaction portrayed by the cell (con¬ 
tinued in Art. 8-5). 


PROBLEMS 

1. List, to the best of your knowledge, and explain all the possible irreversibilities 
that may be present in a system. 

2. Divide the irreversibilities listed in Prob. 1 into internal and external irreversi¬ 
bilities. 

3. A reciprocating-piston air compressor has a 100° difference in temperature 
between the air in the cylinder and that in the cooling water. If the system is the air 
enclosed in the compressor, can the compression process be considered to approach 
reversibility? Discuss. 

4. For a reversible process of a closed system, the increase in total energy is 6 Btu 
while heat of amount 10 Btu is abstracted. Compute the work, and explain the 
algebraic sign. 

5. An irreversible process that passes through the same series of states as the reversi¬ 
ble process of Prob. 4 has 12 Btu of heat transferred to the surroundings. Compute 
the work. 

6. A gas expands in a cylinder against a piston, and work is delivered to the sur¬ 
roundings. The gas is then compressed back to the exact initial state. Is this a 
reversible process? Discuss. 

7. Potential, kinetic, and electrical energy are said to be entirely available energy. 
Discuss. 

8. If the real process is to approach reversibility, must the process be slowly con¬ 
ducted? Discuss and list examples. 

9. List a number of manufactured devices which have a highly irreversible process 
as the basis for their successful operation. 

10. If an ideal gas is the fluid in Example 1, what is the name of the process? 

11. A reversible process of a closed system has pressure and specific volume related 
by the equation pv” = C (C and n are constants). Derive a formula for the work. 

12. Repeat Example 1, but assume an open system and steady flow. 

18. Repeat Prob. 11, but assume an open system and steady flow. 

14. Are Eqs. (3-7a) to (3-7c) valid for irreversible processes? 
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16. Convert the answers of Probe. 11 and 13 to other forms by means of Eqs. 
(3-76) and (3-7c). 

16. Calculate by means of the energy equations the heat transferred in the follow¬ 
ing processes: (a) a reversible constant-pressure process of a closed system; (6) a 
reversible steady-flow process; (c) an irreversible steady-flow process with Aw, AKE, 
and APE essentially zero. Discuss. 

17. Calculate the heat transferred in reversible processes of a constant-specific- 
volume (a) closed system, (6) steady-flow system (AKE, APE « 0). Discuss. 

18. Determine the indicated work in foot-pounds force for a reciprocating-piston 
engine that has a bore (cylinder diameter) of 3 in. and a (piston) stroke of 4 in. (these 
data are usually aV)brcviated 3" X 4") if the area of the indicator diagram is 1.38 in.* 
The reducing motion that drives the drum of the indicator has a ratio of 2:1, and the 
ordinate scale is 100 psi/in. 

19. Repeat Prob. 18, but assume that the engine dimensions are 4 by 5 in. 

20. Show that Eqs. (a) and (6-5) of Art. 6-6 hold for a reversible adiabatic process 
of a steady-flow open system. 

21. A Daniell cell has an cmf of 1.0934 volts at 273°K for the reaction ZnS 04 + 
Cu —► Zn + CuSO^. How much work (Btu) is transferred to deposit 1 mole of 
copper? To deposit 1 mole of zinc? Discuss. 

22. Compare meanings of potential difference and emf. 

23. Discuss the units of each term in Eq. (fl-Sc). 

24. The equation of state for the gal\ anic cell is sometimes shown as f{E>,T,q) = 0, 
where q is the charge (and volume changes are negligible). Discuss. 

26. Calculate the reversible isothermal work to stretch a wire from a unit strain 
of €l to €2, 

26. The equation of state for a solid in Art. 6-8 is “incomplete.” What other 
data are necessary (to parallel the case of a chemical substance)? 


SELECTED REFERENCESt 

1. I^wis, G. N., and M. Randall: “Thermodynamics and the Free Energy of Chemical 
Substances,” McGraw-Hill Book Company, Inc., New York, 1961. 

2. Guggenheim, E. A.: “Thermodynamics,” North-Holland Publishing Co., Amster¬ 
dam, 1957. 

3. Br0nsted, J. N.: “Principles and Problems in Energetics,” Interscience Publishers, 
Inc., New York, 1955. 

4. MacDougall, F. H.: “Physical Chemistry,” The Macmillan Company, New York, 
1936. 

5. Zemansky, M. W.: “Heat and Thermodynamics,” 4th ed., McGraw-Hill Book 
Company, Inc., New York, 1957. 

6. Bridgman, P. W.: “The Nature of Thermodynamics,” Harvard University Press, 
Cambridge, Mass., 1941. 

7. Darken, L. S., and R. W. Gurry: “Physical Chemistry of Metals,” McGraw-Hill 
Book Company, Inc., New York, 1953. 

8. Jofife, A. F.: “The Physics of Crystals,” McGraw-Hill Book Company, Inc., New 
York, 1928. 

9. Obert, E. F.: “Concepts of Thermodynamics,” McGraw-Hill Book Company, 
Inc., New York, 1960. 

t References 1, 2, 3, and 4 for galvanic cells; Refs. 1, 2, 3, 5, 7, 8 for thermodynamic 
systems other than chemical; Ref. 6 for reversibility in general; see also Ref. 9. 




The Second Law 


The First Law is a theorem on the conservation of energy: 

The energy of the isolated system is conserved in real or reversi¬ 
ble processes. 

This law announces that all forms of energy are equivalent in the sense 
that, when energy in one form disappears, an equal quantity in another 
guise must appear. The First Law makes no attempt to designate 
whether or not a system or a process is ideal or to insist that one direction 
of the process is preferable to the other. For real or for ideal systems, the 
First Law is a precise bookkeeper to ensure that energy is neither created 
nor destroyed but only changed in form. 

The Second Law is a theorem on the degradation of energy: 

The entropy of the isolated system increases in all real processes 
(and is conserved in reversible processes). 

Since entropy has yet to be defined, the thought of the Second Law is 
more clearly expressed at the moment by the statement: 

The available energy of the isolated system decreases in all real proc¬ 
esses (and is consented in reversible processes). 

The Second Law recognizes that all forms of energy are not equivalent in 
their ability to do work and announces that the available energy of the 
system and its surroundings can never increase—only decrease. In this 
thought is the key experience of man: heat is not entirely available 
energy, and yet, invariably, man's machines degrade available energise 
that only heat can be recovered. Thus friction (defined in Chap. 4) is a 
Second Law concept. 

If heat were fully available, then no loss could be attributed to the 
irreversible process (and a new world would emerge). Nothing in the 
First Law implies that difficulty will be encountered in converting heat 
into work, especially since the converse process of converting work into 
heat is readily accomplished. The experience of man denies the possi- 
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bility of complete conversion in the axiom underlying the work of Carnot: 

Heat cannot he converted completely and continuously into work. 

Consider ^he consequences if this axiom be false. A system could be 
devised to convert heat completely and continuously into work. Such a 
system would necessarily have to undergo a cycle since the sole desired 
effect is for the surroundings to furnish heat and receive only work in 
return. But this system would be independent of the temperature differ¬ 
ence between the source of heat and the cycle—it would not matter 
whether the heat was received at a high or a low temperature since the 
work delivered would always equal exactly the heat received by the sys¬ 
tem. With a machine of this type, pow er coul d be obtained by cooling 
the earth, its oceans, an^ its'lctmosphere. Such a device was called by 
Ostwald a perpetual-motion machine of the second kind (or the second class). 
Note that perpetual motion of the second kind does not contradict the 
First Law since the work obtained is equal to the heat absorbed. But the 
Second Law would be violated since energy is upgraded, not degraded. 

If such a cycle could be constructed, heat could be obtained from a 
low-temperature source, converted into work, and the work used to raise 
the temperature of a high-temperature sink. The net effect of source, 
cycle, and sink would be that heat would pass from a cold to a hot region 
without work being supplied by the surroundings. This conclusion, so con¬ 
trary to experience, is denied by the Clausius (1850) axiom: 

Heat cannot, of itself, pass from a lower to a higher temperature. 

The thought of Clausius includes the obvious—that heat flows toward 
regions of lower temperature—and it also includes the principle that no 
device can be constructed with the sole effect being a transfer of heat 
from a cold to a hot region. ‘ 

All these deductions are included in the axiom of Planck (1897): 

It is impossible to construct an engine which will work in a complete 
cycle and produce no effect except the raising of a weight and the cool¬ 
ing of a heat reservoir. 

The Second Law, unlike the First, can gauge the approach of a process 
to perfection by examining the changes in available energy experienced 
by the system and its surroundings. It follows that the direction of 
natural or spontaneous processes is also dictated by the Second Law: such 
processes must proceed from state to state of lesser available energy, and 
the difference of available energy is the driving influence toward an 
equilibrium state—a state of rest. 

Any of the axioms is a statement of the Second Law or a corollary 
since, if one fails, all must fail. The validity of the Second Law, as well as 
the First, rests upon the fact that none of the axioms has ever been broken. 



CHAPTER 7 


THE SECOND LAW 

I cannot believe that God plays dice with the world. 

Albert Einstein 


The foundations of the Second Law were laid in 1824 by Sadi Carnot in 
an essay t which introduced the concept of a cycle, the concept of reversi¬ 
bility, and the principle that the temperature of the source and that of 
the sink determined the thermal efficiency of a reversible cycle. The 
logic of Carnot enabled William Thomson (Lord Kelvin) to take the next 
step in 1852—the definition of a thermodynamic scale of temperature. 
And this, in turn, led Rudolf Clausius in 1865 to the concept of entropy. 

7-1. The Carnot Cycle. The experimental evidence available to 
Carnot indicated that, when a source and a sink had different tempera¬ 
tures, a system could be devised to do work and the larger the tempera¬ 
ture difference, the greater was the conversion of heat into work. Carnot 
decided that a prerequisite for the study of the motive powerof heat 
was for the system to undergo a cycle, because if it did not, a part of the 
work might be derived from changes in the working substance of the sys¬ 
tem. From the experimental facts, Carnot reasoned as follows: First, 
every cycle must have a heat-rejection process; else the cycle would have 
a thermal efficiency of 100 per cent and therefore be indifferent to the 
temperature of the source. Second, since a temperature difference was 
necessary for the production of work, then, for fixed temperatures of 
source and sink, a reversible cycle would experience the largest possible 
difference in temperature and therefore should be the most efficient. But 
was temperature the only factor that controlled the thermal efficiency? 
Possibly different working substances or the pressure of the substance 
could change the thermal efficiency. 

To answer this question, Carnot invented a power cycle that had four 
reversible processes (Fig. 7-1): 

ab A reversible adiabatic compression process from the lower tem¬ 
perature th to the higher temperature tA 
be A reversible isothermal addition of heat at the constant high tem¬ 
perature Ia 

tS. Carnot, “Reflections on the Motive Power of Heat,” translated by R. H. 
Thurston, American Society of Mechanical Engineers, New York, 1943. 
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cd A reversible adiabatic expansion process from the higher temper¬ 
ature Ia to the lower temperature Ir 
da A reversible isothermal rejection of heat at the constant low tem¬ 
perature Ir 
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Mark well the simplicity of the Carnot cycle: heat is added at a high (but 

constant) temperature and rejected at 
r“[ ^ T ~1 a low (but constant) temperature while 

I o -; - u >. — ■ the intervening processes are heatless 

I ^ J (adiabatic). 

'.Carnot devised the test of reversibil- 

o^-Adiobotic compression from tor, stipulated this restriction for 

each process of his cycle. And, when 
:!j' V cycle was reversed, it became a 

ir i o- ■ ■! - T heat pump with heat being added to the 

I 1 -► 1 cycle in process ad and rejected in pro- 

. . . . m : 7 .!)^ 

be -Isothermol exponsion ot r. Consider the system illustrated in 

Fig. 7-2a. A Carnot power cycle re- 
-pY ’ ceives heat from a source at Ia and 

I -1 _ , Air rejects heat to a sink at Ir while driving 

! _I a Carnot heat pump. The heat pump 

r-rTT " B iuiLii.uu.uikiu '1 absorbs heat from the low-temperature 

r</-Adiobotic exponsion from r, to r^^ gink and rejects heat to the high-tem- 

perature source. The net effect of the 

, - cycles must be zero, since each 

I I 1 _ ! AJV quantity (of heat or work) for the power 

I ^ cycle is canceled by that for the heat 

S...'.'.. pump. But let it be premised that 

oto-Isothermoi compression of r;? some factor other than temperature 

could make the Carnot cycle more effi¬ 
cient, for example, a more efficient 
A ^ working substance in the power cycle. 

Then more work will be delivered by the 
power cycle than that required by the 
j, X. heat pump (Fig. 7-26). A high-temper- 

^ ature source would not be required since 

~ constant 1111 

the heat rejected by the heat pump ex¬ 
actly equals the heat absorbed by the 
V power cycle. Carnot concluded that 

Fig. 7-1. The Carnot cycle of this result was absurd and therefore the 
processes. premise that a change in the working 

substance could change the thermal efficiency of his cycle was false. 


i/< 2 -Isothermol compression ot tp 
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Fig. 7-2. Carnot power cycle and Carnot heat pump. 

Carnot arrived at the following axioms: 

For fixed and constant temperatures of source and sink: 

1. No cycle can be more efficient than a reversible cycle. 

2. All reversible cycles have the same thermal efficiency. 

3. The thermal efficiency of a reversible cycle is independent of 
the working substance f (which can be a solid, liquid, or gas, 
real or ideal). 

4. A cycle not receiving work cannot transfer heat from the cold 
to the hot reservoir. 

These conclusions can be summarized in the thought: 

The thermal efficiency of a reversible cycle depends only upon 

the temperature of the source and that of the sink. 

Any of these axioms can be called a statement of the Second Law. 

7-2. The Thermodynamic Temperature Scales. At the time of Car¬ 
not, the temperature scales in use were arbitrary scales that related 
the temperature of a system to some particular property of the substance 
of the thermometer. Lord Kelvin realized that the logic of Carnot 
opened the way for the definition of a thermodynamic scale of temperature 
which would be entirely divorced from the properties of matter since the 
thermal efficiency of Carnot^s cycle was a function of temperature alone. 
Let 0 be a temperature on a new scale, not yet defined. Then the 
thermal efficiency of a Carnot cycle equals, by the Second Law, some 
function of 0^, the temperature of the source, and 0^?, the temperature of 
the sink, 

= /(©i4,0ff) M 

t Note that the pressure exerted by the w'orking substance is only incidental to the 
production of work. In engineering, one goal is to use the widest possible diff erence 
of temperature between source and sink to obtain high thermal efficiency; another 
goal is to use pressures sufficiently low to obtain safety and ease of design but suffi¬ 
ciently high so that density is high, to obtain reasonable size and therefore cost. 
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But the thermal efficiency of the Carnot cycle is also defined by the First 
Law equation, 


^Qa + AQ/g _ . , AQr 
^Qa AQa 


(4-6) 


Since Eqs. (a) and (4-6) must yield the same number, 


Carnot ^*( 0 ^, 07 ^) 1 | 


^Q/g 1 

^Qa JCarnot 
cycle 


(7-1) 


This is the general definition of all Second Law thermodynamic temperature 
scales and satisfies the specifications of Art. 3-1, in particular: A variable 
Vt.carunt has been found that yields a progressively larger number as the tempera¬ 
ture difference increases^ for any selected 0^ (or 0/e), and therefore a unique 
number ecu be assigned to each thermal level. 

To fix the form of the function/in Eq. (7-1), Kelvin decided that each 
degree drop in temperature experienced by a Carnot cycle should con¬ 
tribute equally to the work: 


Work from each 1° drop in temperature = 


0A 


Work from (0^ — 0//)° drop in temperature = (0yi — Or) 


Oa 


Since Ty/.camot = ATF/AQ^, then from the above, 

= /(e^,e«) = (7-2a) 

And with Eq. (7-1), noting that I^Qr is a negative number, 

Kja ^^A j Carnot cycle 

Equation (7-26) defines a class of thermodynamic temperature scales with 
the following common characteristic: The ratio of two absolute thermo¬ 
dynamic temperatures equals the ratio of the heat quantities for a Carnot 
cycle over the same temperature interval. 

The final step is to assign a particular number to be the absolute thermo¬ 
dynamic temperature of a particular fixed point, and then the thermo¬ 
dynamic temperatures of other thermal levels could be found from Eq. 
(7-26) and a thermometer.’^ Since the ^thermometer” specified for the 
scale is a Carnot cycle, alternative methods for finding thermodynamic 
temperatures will be studied. 

Recall that the efficiency of a reversible cycle between two temperature 
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levels is independent of the properties of the working substance. Then 
an ideal gas can be selected as the working substance for a Carnot cycle, 
and the thermal efficiency for this substance must equal that for any 
other substance, real or ideal. The thermal efficiency of a Carnot cycle 
with an ideal gas equals (Example 1) 


Carnot 



(7-2c) 


Upon comparing Eqs. (7-2a) and (7-2c), it is apparent that the tempera¬ 
tures 0 and T can differ only by a constant multiplier. To avoid a new 
set of numbers, 0 is set equal to T, and 

r - ^-*1 

A JCarnot cycle 

Thus, the symbol T now denotes absolute temperatures on the Second 
Law scales defined by Eq. (7-2d), and these scales correspond exactly 
to the Zeroth Law scales defined by Eq. (3-3). Therefore, a gas ther¬ 
mometer (a precise instrument) can replace a Carnot-cycle thermometer 
(a relatively crude instrument) as the means for measuring thermo¬ 
dynamic temperatures over a wide interval. 

Since the temperature of the triple point has been assigned a positive 
number (Art. 3-4), the range of temperatures on the scales defined by 
Eq. (7-2d) is thereby restricted to the range of positive numbers (from 
zero to infinity). That the scale cannot be extended to include negative 
temperatures can be realized from Eq. (7-2c): if Tr is negative, the 
thermal efficiency is greater than unity and the First Law would be 
broken. The limiting efficiency of unity uniquely defines Tr as zero for 
any Ta, and this concept is called the absolute zero since lower temperatures 
are thermodynamically inadmissible. , 

The question of whether or not the absolute zero can be attained can¬ 
not be answered by the Second Law and is denied by the Third Law 
[although, admittedly, in our choice of words we have, without consulting 
the Third Law, denied that a cycle can be constructed with the absolute 
zero as the sink temperature (page 100, for example)]. 


Example 1. Determine the thermal efficiency of a Carnot cycle between tem¬ 
peratures Ta and Tr with an ideal gas as the working substance. 

Solution. Recall that an ideal gas is defined (1) by its equation of state, pv = RT, 
and (2) by the stipulation that its internal energy is a function of temperature alone. 
Therefore, the heat addition and rejection processes of Fig. 7-1 are not only at con¬ 
stant temperature but also at constant internal energy, 

Ag - AW - AU - 0 
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Thus, the heat and the workf for the isothermal process are equal in magnitude, 


^Qa .rev AW rev * mBTA In ^ 


A0«,r.« » AfTrev = mfliT* In ^2 
Vd 


Upon substituting in Eq. (4-6), 


^Jt ^ In (Vd/ Vg) 

AQa Ta In {vjvh) 


which reduces, with Eq. (0-5a), to 


J A ^ A 

T/l.Ceriiot “ rn ■A flS. 

J A 

7-3. Entropy. Consider two (or more) reversible adiabatic processes. 
Can these processes have a common state? Suppose that this were possi¬ 
ble (Fig. 7-3). Here the reversible adiabatic processes ah and ca are 
premised to have the common state a. If this were true, a nonadiabatic 
process could be devised to link states b and c and so form a reversible 
cycle. The net effect of the cycle would be to convert completely heat 
into work—a consequence denied to be possible by the Second Law.J 
It follows that 

Two (or more) reversible adiabatic processes cannot have a 
common state. 

But this is not only an axiom of the Second Law; it is also a criterion! of 

a property of the state. For example, 
two (or more) constant-temperature (or 
constant-volume or constant-pressure, 
etc.) processes cannot have a common 
state; else the state could be assigned 
two numbers—two temperatures. It 
follows that a new property is pro¬ 
claimed by the behavior of the reversible 
adiabatics. Then each state of matter 
can be assigned a value of this new prop¬ 
erty such that all states designated by the 
same number can be visited by a reversible 

t The work of the reversible isothermal process is found as in Art. 6-4, Example 1. 

t Although Fig. 7-3 presupposes that two independent variables determine the 
state, the argument holds for any number of independent variables. Thus, the loci 
of states accessible to the reversible adiabatic process become a surface for three or 
more independent variables, and a family of nonintersecting surfaces maps all states 
of the system. 

§ The criterion of single-valuedness (Art. 2-11). 



Fig. 7-3. Failure of Second Law if 
two reversible adiabatic processes 
had a common state. 
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adiabatic process. The new property is named entropy] and the symbol 
for entropy is S: 

Entropy is the property of matter held constant in a reversible 
adiabatic process. 

The problem of defining entropy by an equation was solved by Clausius, 
who noted that Eq. (7-2rf) yielded a new variable, 

l,r« v ^Q2.rev ^Qj.re v ^ QltC') 

T\ T2 Tj 

He reasoned from Eq. {7-2e ): 

1. To pass reversibly from a selected datum adiabatic to other reversi¬ 
ble adiabatics requires heat to be transferred; therefore, the variable 
AQrev/7' will yield a set of numbers relative to the datum such that all 
reversible adiabatics can be assigned an identifying number. 

2. To pass reversibly from state to state of an adiabatic process 
requires AQ,ev to be zero; therfifore, the variable AQ^cv/T will remain con¬ 
stant, and each state in the sequence can be assigned the same value of 
AQrev/T as that which identifies the adiabatic. 

3. Most important, the change in the variable AQ^^^/T is independent of 
the isotherm selected for evaluation; therefore, any reversible path between 
the initial and final state, or between the initial and final adiabatic, can 
be selected for evaluation. 

Clausius concluded that the entropy of each state of matter, relative to 
a selected datum}: state, could be calculated by 


^ r _energy_ 

T temperature 


(7-3a) 


An isothermal process, however, is not demanded by the conditions of 
Eq. (7-2c) since the variable AQ,^^/T is an infinitesimal which is indifferent 
to the isotherm selected for evaluation. Therefore, let AQ^ev and T be 
considered functions of time r, and divide Eq. (7-3a) by Ar. By allowing 
Ar to approach zero, 

dS _ 1 d(^rev /^7 QL^ 

d^-T~dV 


t The student invariably tries to picture entropy in the same light as pressure p 
or temperature T, that is, as a single physical phenomenon. But T/p is a property 
that needs no more explanation than that it is a function of other properties. Entropy 
belongs to this same class of properties; for each phase of matter, for example, a 
function S{T,p) can be found which is called entropy. 

t Although the definition of entropy is for a change, and not for an absolute value, 
note that this is the same procedure previously followed for internal energy and 
enthalpy. 
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And by multiplying by Ar, 

= ^ (7.3c) 

Equation (7-3c) is considered to be the fundamental definition of entropy. 
It is rarely used for the direct evaluation of entropy since confusion arises 
because of the restriction of reversibility. The importance of the equation 
is that it establishes the variable dQr^y/T to be equal to an exact differ¬ 
ential of a function of properties, and therefore the independent variable 
of time can be eliminated from the First Law energy equation (Art. 
7-4). 

7-4. Entropy and the Process Equations. Since entropy is a thermo¬ 
static property, it is a function of other thermostatic properties. To 
find the functional relationships, consider the differential energy equation 
for a closed system, 

dQ = dE + dW^ (4-4c) 

J rev or irrev 

If the work of the system is all mechanical and reversible, by Eq. (6-2d) 

dQrev = df/ + p dV (6-4a) 

Recall that the independent variable of each term in Eq. (6-4o) is time r. 
Since r does not appear in Eq. (6-4a), the variable Qrev may be also, per¬ 
chance, a function of the properties V and V. That this is incorrect can 
be recognized by noting that AQrev between two states is multivalued since 
the integral of p dV is multivalued.! But let Eq. (6-4a) be divided by 
the temperature T, 

= ldf/ + |rfF 

The line integral of the left-hand side of this equation between two states 
is single-valued since the integral ecjuals AS, by Eq. (7-3c). Therefore, 
the line integral of the right-hand side of the equation is also single¬ 
valued. Hence, the inexactX differential equation [Eq. (6-4a)], when 
divided by the temperature T, becomes an exact differential equation, 

TdS = dU + pdV (7-4a) 

Equation (7-4a) is called the first T dS equation. 

In Art. 2-12 it was stated that two independent intensive properties 
could be selected to identify the state. From Eq. (7-4a), it is evident that 
this selection is*best made of two of the three fundamental thermodynamic 
coordinates: specific volume, entropy, and internal energy. 


t Article A-6c. 

X Inexact for the variables U and V. 
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By adding d(jf)V) to both sides of Eq. (7-4a), the second T dS equation 
is obtained, 


TdS = dH - Vdp 


(7-46) 


Equations (7-4) are the means for calculating the change in entropy for 
reversible processes j or for irreversible processes with constant chemical 
composition (Art. 8-2). 

For example, at constant volume of an inert system Eqs. (7-4a) and 
(2-4a) yield 

rfsl = c,~ (7-5a) 


Or at constant pressure, with Eqs. (7-46) and (2-4a), 


ds 


[p-C 


Cp 


dT 

T 


(7-56) 


If a complete functional relationship for the entropy of a substance is 
desired, an equation of state and an equation relating internal energy 
with temperature and pressure or volume are necessary. The procedure 
will be illustrated for the simple case of an ideal gas. By substituting 
E(is. (3-56) and (3-86) into Eq. (7-4a), 


ds = Ct -jpr + E — (ideal gas) (7-6a) 

1 V 

which integrates to 

S 2 — S\ = c„ In ^ 4- /? In — (ideal gas) (7-66) 

y 1 vi 

By selecting a datum state of zero entropy at Ti and ci, 

s = Cv ]n T + R \n V + C (ideal gas) (7-6c) 

wherein C is a constant. P^quation (7-Gc) illustrates a typical form of the 
functional relationship among the properties s, T, and v. 


Equations (7-4) to (7-0) are valid for oitJicr reversible or irreversible processes since 
the value of a property is fixed l>y the state—not by the proi^ess—and these equations 
involve ordy properties. The question of reversibility need be raised only when heat 
and work arc to be recognized. F'or example, in an irreversible process the states 
encountered may frequently be traced on both the Ts and pv diagrams with fair pre¬ 
cision (and therefore large gradients in property values are not present). Here Eqs. 
(7-4) arc quite valid, but the integral of Tds is not heat nor is the integral of p dv work 
unless the process is reversible (Art. 8-2). 

The equations are also valid for unit mass of substance in a flow process since the 
properties are evaluated by an observer at rest with respect to the mass under con¬ 
sideration. Thus, each element of mass in a flow process is a closed system to an 
observer traveling with the system. Then the variations of the properties in this 
closed system are shown by Eq^. (7-4) quite indep^dently of the conclusions of 
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another observer who is evaluating the work and heat for the region of the flow process 
from a station at rest with respect to the system. Note that, when the velocity of 
the flow stream is used to do reversible work, the properties in Eqs. (7-4) are not 
affected. If the velocity changes reversibly without transfer of work, the effect on 
Eqs. (7-4) is exactly equivalent to that of work reversibly added to the closed system. 
The properties in Eqs. (7-4) cannot differentiate between a reversible change in velocity 
in a flow process and a reversible compression or expansion in a nonflow process. Also, 
if the velocity changes irreversibly, the properties in Eqs. (7-4) are affected in the same 
manner as if heat were added to the system. 

7-5. The Ts Diagram. Consider that a Ts diagram, similar to that in 
Fig. 7-4, is to be constructed for the simple case of an ideal gas. The 



first step is to select data which reflect the heat measurements of the 
research laboratory over the range of states of the diagram. If data for 
Cp are selected, values for c, can be found from Eq. (3-9). From an 
arbitrary datum state, values of entropy are calculated for assigned 
values of temperature for both constant-pressure and constant-volume 
processes by Eqs. (7-5). Then, values of temperature are assigned so that 
states at various pressures and various volumes can be calculated by 
Eqs. (6-5). In this manner, a diagram such as that in Fig. 7-4 is con¬ 
structed. Note that one set of ‘"heat data (that for Cp) and the equation 
of state were the prerequisites for the problem. 

All Ts diagrams in this text are drawn for unit mass of substance. 

Figure 7-4 and Eqs. (7-5) show that the slope dT/ds of the constant- 
volume (or constant-pressure) process is dictated by the temperature 
and by c„ (or Cp). Since Cp is always larger than Cv [Eq. (3-9)], 

At each state on the Ts diagram, the slope of the constant-volume 
process is greater than that of the constant-pressure process. 
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Lines of constant entropy mark the path of the reversible adiabatic 
process in Fig. 7-4: 

A reversible adiabatic process is an isentropic process, f 

All states (points) on a property diagram such as Fig. 7-4 are for states 
of equilibrium. Then a continuous line marks a succession of equilibrium 
states and therefore demotes a reversible process (within the precision 
of measurement of the represented data). The area bounded by the path 
of the pro(*css and the abscissa is the integral of T ds. For the reversible 
process, by comparing E](is. (G-4a) and (7-4a) an identity is established, 

Aq,.. ^ lyq,.. = I" T ds (7-7) 

Hence, the area (in proper units) can be interpreted as a quantity equal 
to the reversible heat. For example, consider the reversible cycle ahedea 
in Fig. 7-4, 

^qrcy.bcd = heat reversibly added = area a'hcde' 

^Qnv.ea = hcut rcvorsibly rejected = area e'eaa' 

S Ag = work of cycle = area ahedea 

Note that, for reversible or irreversible cycles, the First Law demands that 

the difference between the heat added and the heat rejected (without 
regard for algebraic sign) must equal the work of the cycle. For the 
reversible cycle, this difference is also equivalent to a difference between 
two areas on the Ts diagram: area ahedea. This area is clockwise 
generated; therefore, the heat reversibly added is greater than that 
rejected, and work is produced by the cycle. 

Suppose that the reversible adiabatic process de in Fig. 7-4 is replaced 
by an irreversible adiabatic process df and that the new cycle is abedfa. 
The heat-addition processes remain unchanged, while less work will be 
done by the irreversible cycle; therefore, more heat must be rejected. 
This requires area a'aff' to be larger than area a'aee\ and thus state / lies 
to the right of state e. Here 

^qrevMd = heat reversibly added = area a'hcde' 

Agrev./ea = heat reversibly rejected = area f'faa' 

2 Ag = work of cycle < area abedfa 

t In this text and almost invariably in scientific articles, the names reversible 
adiabatic and isentropic are synonymous, for simplicity of expression (Art. 11-3). 
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Unlike the reversible case, the enclosed area on the Ts diagram is not 
equivalent to the work (but is greater than the work). Also, the integral 
of T ds in this case is finite (area e'dff '); yet the process was adiabatic 
(Aq = 0), and this emphasizes that the integral of T ds equals the heat 
only for the reversible process. Because of these differences between the 
reversible and irreversible processes, the latter are shown as dashed lines 
on the Ts diagram {df in Fig. 7-4), and this practice warns, too, that the 
exact path is probably nebulous since gradients in temperature and pres¬ 
sure are probably present: 

The irreversible process is usually shown as a discontinuous line 
on the Ts diagram. 

These comments parallel those made for the pv diagram and the integral 
of p dv (Art. 6-4). 

Example 2. For the reversible cycle of Fig. A, chock the values of entropy and 



Fig. a 

compute the thermal efficiency. [c„ = 0.175 Btu/(lbn»)(°R), ideal gas with molecular 
weight of 29.] 

Solution. By Eq. (3-9), 

c, = c. + ^" = 0.175 + = 0.244 Btu/(lb„)(°R) 

Integrating Eqs. (7-5) with Cp and Cv constants, 

= c. In = 0.175 In = 0.1211 Btu/(lb„)(°R) .4ns. 

1 1 oZO 

As„ = c. In ^ - 0.244 In = 0.1698 Btu/(lb„)(“R) Ans. 

1 1 ozU 

By Eqs. (6-4o), (3-85), and (3-8d), 

A?„v.. 6 = c,(r6 - r„) = 0.175(1,040 - 520) = 91 Btu/lb„ 

A?r..,.. = c,(r. - r.) = 0.244(520 - 1,040) = -127 Btu/lb„ 

By Eq. (7-3c), 


Ag„,,sc •• 


TU»c - St) - 1,040(0.0487) - 50.7 Btu/lb, 
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Ag7 91 + 50.7 


0.1022, or 10.22% 


7-6. Principle of the Increase in Entropy. In Art. 7-5 it was decided 
that the entropy must increase during an irreversible adiabatic process if 
the reversible cycle is to be the criterion of perfection. Another type of 
irreversibility arises when heat flows through a temperature difference 
from a source to a sink. How will this affect the entropy? Since the 
temperature difference is the item of interest, let source and sink be 
simple subsystems such that the volume and temperature of each can be 
assumed constant. Then, by integrating Eq. (7-4a), 




^U' 

T 


source or sink 


Since AC7 arises from transfer of heat alone, it equals AQ numerically and 
for the isolated system of source and sink together 

AS.ource + l (^source > (o) 

^ Jsource ^ Jsiok 

(“) ( + ) ( —) ( + ) 

Observe that = — AQ,oaroe and that the positive AQ of the sink is 

accompanied by the lower temperature. Therefore, 

2 A>Si.o,at.dor > 0 (7-8) 

adiabatic 

syttem 

If the transfer of heat approached reversibility, both temperatures would 
approach each other and entropy would be conserved, but when heat 
flows through a finite temperature difference, the entropy of the isolated 
or the adiabatict system must increase (and entropy is said to be created). 

Consider, next, that a cycle is placed between the source and sink of 
Eq. (a). When the cycle of processes is completed, Eq. (a) applies but 
now AQ»,nk is a smaller number since a part of the heat was converted into 
work. Observe that, if the cycle is reversible, the sum of the terms on the 
right-hand side of Eq. (a) is zero by Eq. (7-2d). If one or more processes 
of the cycle are irreversible, its efficiency is less than that of the reversible 
cycle and hence more heat must be rejected to the sink and AQ/T for the 
sink must also be a greater positive number. It follows that the sum of the 
terms on the right-hand side of Eq. (a) is positive (greater than zero). 
Thus, the inequality of (7-8) holds for all irreversibilities within the isolated 
or adiabatic] system. 

1'or the general case, assume that a process of an isolated or adiabatic 
system could take place with decrease in entropy. Then the isolation 


t The argument holds for complete isolation or adiabatic isolation. 
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could be set aside while heat was added to regain the initial entropy and 
work transferred to regain the initial state. The net effect of the cycle 
of processes would be dictated by the First Law, 


AQ - 2 ATT = AF = 0 
and 2 AW = AQ (positive) 

Thus, work must be delivered by the cycle of amount equal to the heat 
added (and a perpetual-motion machine of the second kind created) to 
obey the premise. On the other hand, if the entropy of the isolated 
system increased, heat could be taken away (to regain the initial entropy) 
and work could be added (to regain the initial energy) without violating 


States 
inaccessible 
to irreversible 
adiabatic 
processes 
from states 
along ab 


c 

States/^ 
accessible 
to/irreversibie 
V/odiabotic 
^propesses 
from^\States 
along ab\ 


Fig, 7-5. Accessible and inaccessible states. 


either the First or Second Law. The conclusion follows that for all 
isolated systems: 


The entropy of the isolated system increases in all real processes 
(and is conserved in reversible processes). 

Planck calls this most general statement of the Second Law.'^ Note 
that the real isolated system can experience cither a spontaneous process 
or else no change at all. This is because the reversible process has no 
unbalance, no driving force, to make it operate—it is a hypothetical 
process. Thus 

The real processes of an isolated system are spontaneous (and 
irreversible). 

The Second Law supplies a rigorous method for identifying an irreversible 
process: 

A process is irreversible if the entropy of the isolated system 
increases during the process. 

The foregoing discussions are illustrated in Fig. 7-5. For the reversible 
adiabatic process, all states along ab are accessible states; for the irreversi- 
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ble adiabatic process, only stales with greater entropy than the initial 
state (such as c) are accessible: 

States of lesser entropy are inaccessible by adiabatic processes. 

Example 3. A i)ound of ice at 32°F is placed in 5 lb„, water at 80°F with the system 
open to the atmosphere, which has a pressure of 14.7 psia. Compute the change in 
entropy for the spontaneous process of the adiabatic system. 

Solution. For the system of ice and water, by the First Law, 

aQ — AW = AU (4-4d) 


Since the system is assumed adiabatic and work is done only to push aside the atmos¬ 
phere, by Eq. (/) of Art. 4-3, 

Since the effect of modest changes in pressure on the enthalpy of solids and liquids is 
small, values of Cp for water and the latent enthalpy of fusion for ice can be selected 
from Table B-3 and the equilibrium temperature computed. 


{m Ah)ict -h (m A/l)water = 0 
1144 + « - 32)jl.O + « - 80)(1.0)(5) = 0 
-288 -h 0^ = 0 


Then, with Eqs. {7-4b) and (7-56), 


AS ice — AS incitinK ice at *4" A^heHtiug; melted icc 

constant temperature from 32 to 48 ®F 

144 . 460 + 48 

32 + 460 460 + 32 

= 0.292 + 0.032 = +0.324 

AiSwater ~ AScooling from 80 to 48 ”F 

= 5cp In 5 0 8^40 = -0.3055 

r A5system = A5,ee + Atwater = +0.0185 Btu/°R AuS. 


Thus, the entropy of the adiabatic system has increased because of the irreversible 
process. 

7-7. The Irreversible Process. Consider a process, not necessarily 
adiabatic, and lei the system together with a heat reservoir be isolated. 
By the inequality of (7-8), 

d^Saystem “I” dS reservoir ^ 0 (a) 


Since the system is the item of interest, let the heat processes of the 
reservoir be reversible. 


(IS 


rei»ervoir 


dQ„ 

T 


(b) 


For either reversible or irreversible processes, the heat function for the 
system is equal to that of the reservoir (but of opposite algebraic sign), 



reservoir 


-dQ] 


system 


(c) 
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By substituting Eqs. (6) and (c) into (a), 

UfOgygtem m " 

By stem 

dS>^ (7-9a) 

If the process is reversible, the equality sign in (7-9a) holds and Eq. (7--9a) 
reverts to Eq. (7-ik). Thus, the change in entropy of the system equals 
the integral of dQ/T for the reversible process and is greaterf than the 
integral of dQ/T for the irreversible process. 

The integral of the left-hand side of (7-9a) for a cycle is zero, since 
entropy is a property; therefore, the cyclic integral of the right-hand side 
of (7-9a) is less than zero if the cycle is irreversible, 

^ ^ < 0 (7-9b) 


Principle (7-96) is called the inequality of Clausius. 

Recall that mechanical and fluid friction were defined qualitatively as 
the heating effects arising from the dissipation of work or available energy. 
Let the symbol ^ denote all forms of dissipations of available energy (and 
therefore be a function restricted to positive + values). To define ^ 
quantitatively, (7-9a) can be converted into an equality, 

dS = ^ + ~ (7-lOa) 

and d5 ^ TdS - dQ (7-106) 

When the path of the irreversible process can be approximated, Eq. 
(7-106) is the means for evaluating the frictional heating. Note that 
friction may not be an entire loss since the frictional heating may allow a 
portion of the dissipated available energy to be regained. 

The time rate of change of entropy equals 


^ = i 4- 

dr T \ dr dr) 


(7-lOc) 


Although the rate dS/dr can be positive or negative, since dQ can be 
positive or negative, the rate d^/dr can only be positive, since both fric¬ 
tion and time are restricted to positive variations. 

7-8. The Availability of Heat. Consider that whenever a cycle occurs, 
the system is eventually restored to its initial state; therefore, the work of 
a power cycle is obtained entirely from transformation of heat. But even 


t And —20, for example, is less than —10. 

X Friction or irreversibilities are always a heating eflfeet—never a cooling effect. 
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under ideal conditions, not all the heat supplied to a cycle can be converted 
into work, and therefore heat can be considered to have available and 
unavailable parts. The available part is called the availability of heat and 
equals the maximum amount of work that can be obtained when (1) the cycle 
is reversible and when (2) the heat-rejection process of the reversible cycle is 
made at the temperature of the atmosphere^ To. The unavailable part 
equals the heat rejected at To since no means can be devised to obtain 
work from heat alone at the temperature of the atmosphere. (And a 
sink at a temperature less than To requires work.) 


r 


T 


To 


\Reservoir b _ c 


temperature 

: 1 ii ' 

Available , 


\ /Tds-T^L s \ 

Sink a 


temperature 

v//^7y?7/7PZ 

y Unavailable //, 


a s ^ 


{a) 



Fig. 7-6. (a) Availability of heat from an infinitely larpe reservoir; {h) availability 
of heat from a finite reservoir. 


Consider, first, heat transferred at a constant temperature T and of 
amount AQa. Here the maximum work could be produced by a Carnot 
cycle with To as the sink temperature, 

AlTcarnot = AQ A + AQ R (o) 

By the identity of Eq. (7-7), Eq. (a) equals (note Fig. 7-r)a), 

AWc.,.ot = Tds +T,ds (ft) 

This work is, by definition, the availability Ad of the heat. Hence, Eq. 
(6) can be shown as 

Ad = Tds - ToAsisl (7-1 la) 

J l J rev 

and also as 

Ad = AQrev ~ To AS (7-11/>) 

Consider, next, a reversible transfer of heat not at constant temperature, 
such as be in Fig. 7-6b. To obtain the maximum work from this heat, a 
reversible cycle must be devised so that the heat-rejection process occurs 
only at the temperature To. The solution is simple. Two heatless 
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processes (reversible adiabatics) are used (ab and cd) to complete the 
cycle: abcda. The work of this cycle equals the availability of the heat, 
Act, which is evaluated, as before, by Eqs. (7-11). 

Note that the system furnishing the heat suffers a decrease in available 
energy while the system receiving the heat gains in available energy (if T 
is greater than To). The gain of one system will exactly offset the 
decrease of the other system if the process is reversible. Thus, Eqs. 
(7-11) can be used to evaluate either the system which receives a heat 
transfer or the system which supplies the heat. 

The availability of heat is influenced by the value of To, and this value 
is not constant because the temperature of the earth and its atmosphere 
will change from hour to hour and from season to season. Thus, the 
steam power plant is aided in winter by the low-temperature water that 
can be circulated through the condenser, and the thermal efficiency is 
increased (relative to summer values). 

7-9. Available Energy. In passing from one state of a system to 
another, the transfers of heat and work depend upon the process, but the 
change in available energy does not. If this were not true, a reversible 
cycle could be set up between the two states with the net effect the con¬ 
version of unavailable energy into available energy. It follows that 

The available energy of a system is a property. 

With this axiom of the Second Law, the loss of available energy arising 
from an irreversible process can be calculated. Let the system and its 
heat reservoir, if any, be isolated during the irreversible process; the 
entropy of the isolated system, by (7-8), will increase. Then the isolation 
can be lifted and the system and/or heat reservoir changed back to their 
initial entropies. The net effect of this reduction in entropy must be a 
cooling effect, and the net available energy removed by the cooling is 
given by Eq. (7-116), 

2 Aa = S AQ,ev - ToS AaS (a) 

During the same interval, work is reversibly added to restore the energy 
removed by the cooling, 

-SAW,.. = -2 AQrev (6) 

The available energy required to restore the system reversibly from the 
final to the initial state is obtained by adding together Eqs. (a) and (6); 
and therefore, since available energy is a property, this same quantity 
must equal the loss in available energy in the irreversible process between 
the samef two states, 

A^i.outeaor ^ -To2 A^ (7-12) 

adiabatic 
ay ate m 

t And the algebraic sign is automatic by the sign of A5. 
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Observe that available energy is conserved in reversible processes of an 
isolated system and decreases in irreversible processes: 

The available energy of the isolated system decreases in all real 
processes (and is conserved in reversible processes). 

Example 4. Water in a constant-pressure container is agitated by a paddle until 
the temperature rises from GO to 100°F. Compute the change in available energy of 
the water and the decrease in available energy of the isolated system if the temperature 
of the atmosphere is 32°F. 

Solution. The water could be restored to its initial state by serving as a heat source 
for a reversible cycle. The heat reversibly transferred would then be 

Avrev = j Tils - - Ti) = 1.0(60 - 100) = -40 IHu/lb„ 

The change in entropy would equal 

As = c. In = 1.0 In — = -0.075 Blu/db^OI'K) 

And, by Eq. (7-116), the available energy that could be regained is 


Aa = - 'l\^s = -40 - 492(-0.075) = -40 -f 3G.1) = -3.1 Btu/lb,n 

Therefore, the increase in available energy from paddling the water must have been 
-f-3.1 Btu/lbn,. 

The isolated system consists of a work reservoir, which furnished —40 Btu/lb^ of 
available energy, and the water, which increased in available energy by 3.1 Btu/lbm. 
Hence, the available energy of the isolated system decreased in amount —3G.9 Btu/lbm. 
And this answer agrees, of course, with Eq. (7-12), 

Only a reversible cycle can produce work equal in amount to the 
availability of the heat that it receives; if irreversibilities arise in the 
cycle, the work will be less and the heat rejected greater than in the ideal 
case. Consider, for example, the Carnot cycle in Fig, 7-7a, wherein the 
heat reversibly added is represented by area b'bcc', the heat reversibly 
rejected by area b'adc', and therefore the availability of the heat supplied 




Fig, 7-7, Significance of areas on the Ts diagram, 
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by area abed. Now suppose the compression and expansion processes are 
irreversible (but adiabatic), while a temperature difference prevents 
rejection of heat at the temperature To of the atmosphere, as shown in 
Fig. 7-7b. Here the heat added is premised to be the same as before 
(area b'bcc'), but now the heat rejected is much larger (area a'add'). The 
various areas in Fig. 7-76 have the following significance: 

Area A C Available energy supplied to the cycle by the reversible heat 

addition 

Area F Unavailable energy accompanying the reversible heat addition 

Area E Loss of available energy in the irreversible adiabatic compression 

process 

Area G Loss of available energy in the irreversible adiabatic expansion 

process 

Area B A- C D Loss of available energy because of the temperature difference 
between cycle and sink 

The work of the cycle is the difference between the available energy sup¬ 
plied and that ‘‘lost^^ in the various processes. If the paths ab and cd are 
well defined, the dissipations of available energy for these two processes 
can also be shown [Eq. (7-106)]: 

Area a'abb' = T ds friction in adiabatic process ab 

Area e'edd' = T ds friction in adiabatic process cd 

Note that the friction is greater than the loss of available energy for a 
process. Note, too, tnat no area in Fig. 7-76 is proportional to the work 
of the irreversible cycle. 

However, it is not always possible to represent friction and changes in 
available energy on the Ts diagram so nicely, since the usual process 
involves both friction and heat transfer and the path of the process is 
usually indeterminate. 

PROBLEMS 

1. Is radiation a violation of the Second Law? Discuss. 

2. Define the terms source, sink, and heat reservoir. 

3. Prove for constant temperatures of source and sink: (o) No cycle can be more 
efficient than a reversible cycle, {h) All reversible cycles have the same efficiency, 
(c) The efficiency of a reversible cycle is independent of the working fluid, (d) A 
system not receiving work cannot have as a net result the transfer of heat from a cold 
to a hot reservoir. 

4. A reversible cycle receives 20 Btu of heat at a constant temperature of 180°F 
and rejects 15 Btu at a lower constant temperature. Determine the sink temperature. 

5. If 20 Btu of heat is added to a Carnot cycle at a temperature of 2r2°F while 
14.6 Btu is rejected to a sink at 32°F, compute the location of absolute zero on the 
Fahrenheit scale. 
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6 . Devise an absolute temperature sc^ale that would read 100° at the boiling point 
of sulfur, and determine the temperature on this scale for the freezing point of water 
(boiling point of sulfur is 444.6°C). 

7. A Carnot cycle has the same efficiency between 1000°R and 500°R and between 
a:°R and 1000°R (the sink). Determine x. 

8 . An inventor claims that a new cycle will develop 5 hp for a heat-addition rate 
of 300 Btu/min. The highest temperature in the cycle is 3000°R, while the lowest 
is 1000°R. Are his claims possible? 

9. A reversible power cycle is used to drive a reversible refrigeration cycle. The 
power cycle takes in heat AQi at Ti and rejects heat AQ 2 at To. The heat pump 
abstracts heat AQi from the sink at T 4 and discharges AQz at T 3 . Derive a general 
expression for the ratio AQ^/AQx in terms of temperature alone. 

10. A Carnot (;ycle operates between 300 and 100 °F while 100 Btu of heat is sup¬ 
plied- Determine the thermal efficiency, work, heat rejected, and change in entropy 
for each process. Draw the cycle on the Ts diagram. 

11. What is the independent variable underlying Eq. (7-3c)? Are the variables 
Qrcv, Sf and T properties? If they are properties, how was each established as a 
property? 

12 . Is it feasible to measure the heat reversibly transferred, say in an isothermal 
process of a gas? If it is not feasible, of what use is Eq. (7-3c)? (Note Art. 7-4.) 

13. Show that Eq. (6-4a) is an inexact differential equation for the variables u and v 
by applying the test of exactness (Art. A- 6 A:). 

14. Can the test of exactness show Eq. (7-4a) to be exact? 

16. Construct a portion of a Ts diagram for air considered to be an ideal gas. Show 
two isentropic, two constant-volume, and two constant-pressure processes. Use 
c„ = 0.17 and Cp = 0.24 Btu/(lbn.)(°R), M — 29. 

16. A gas cycle consists of three reversible processes: ah, isothermal compression; 
be, constant-pressure expansion; and ca, reversible adiabatic. Draw the cycle on the 
V’.s diagram, and indicate areas for the heat added, heat rejected, and the work of the 
cycle. 

17. Repeat Prob. 16, but assume that all processes are irreversible although the 
same sequences of states are encountered. Discuss. 

18. A gas cy(*le has the following reversible processes: ab, isentropic compression; 
be, constant-pressure addition of heat; cd, constant-volume addition of heat; de, adia¬ 
batic expansion; ea, constant-pressure compression. Draw the cycle on the Ts dia¬ 
gram, and label areas that are proportional to heat or work quantities. 

19. Express the change in entropy from vi, T\ to Vi, T 2 if Cv = A -f BT + CT*. 

20. A closed system undergoes a reversible process from 500 to G(X)°R with the 
heat transferred per degree increase in temperature being given by dQ/dT = 0.5 
Btu/deg and the work by dW/dT = 1 — ( 10 "^) T Btu/deg. Find the change in 
internal energy and in entropy for the process. 

21. During a reversible process, the temperature and entropy are related by the 
equation T = As Bs^, wherein A and B are constants. I^xpre.ss the heat added 
between the temperatures T\ and T 2 . 

22. An iron rivet at 1800°F and weighing 1 lb,n is dropped into an insulated bucket 
containing 10 Ibm of water and 5 Ib^ of ice in temperature eejuilibrium. Determine 
the final temperature and change of entropy for the adiabatic system (Table 13-3). 

23. A pound of ice at 32°F is dropped into 6 Ibm of water at 80°F. Calculate the 
change in entropy of the adiabatic system. 

24. A pound of ice at 32°F is dropped into 3 Ibm of water at 70°F. Calculate the 
change in entropy of the adiabatic system. 
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by area abed. Now suppose the compression and expansion processes are 
irreversible (but adiabatic), while a temperature difference prevents 
rejection of heat at the temperature Tq of the atmosphere, as shown in 
Fig. 7-76. Here the heat added is premised to be the same as before 
(area 6'6cc'), but now the heat rejected is much larger (area a'add'). The 
various areas in Fig. 7-76 have the following significance: 

Area A -\- C Available energy supplied to the cycle by the reversible heat 

addition 

Area F Unavailable energy accompanying the reversible heat addition 

Area E Loss of available energy in the irreversible adiabatic compression 

process 

Area G Loss of available energy in the irreversible adiabatic expansion 

process 

Area B C D Ix)ss of available energy because of the temperature difference 
between cycle and sink 

The work of the cycle is the difference between the available energy sup¬ 
plied and that “lost” in the various processes. If the paths ah and cd are 
well defined, the dissipations of available energy for these two processes 
can also be shown [Eq. (7-106)]: 

Area a'abb' = T ds friction in adiabatic process ab 

Area e'edd' = T ds friction in adiabatic process cd 

Note that the friction is greater than the loss of available energy for a 
process. Note, too, tnat no area in Fig. 7-76 is proportional to the work 
of the irreversible cycle. 

However, it is not always possible to represent friction and changes in 
available energy on the Ts diagram so nicely, since the usual process 
involves both friction and heat transfer and the path of the process is 
usually indeterminate. 


PROBLEMS 

1. Is radiation a violation of the Second Law? Discuss. 

2. Define the terms source, sink, and heal reservoir. 

3. Prove for constant temperatures of source and sink: (a) No cycle can be more 
efficient than a reversible cycle, (b) All reversible cycles have the same efficiency, 
(c) The efficiency of a reversible cycle is independent of the working fluid, (d) A 
system not receiving work cannot have as a net result the transfer of heat from a cold 
to a hot reservoir. 

4. A reversible cycle receives 20 Btu of heat at a constant temperature of 180°F 
and rejects 15 Btu at a lower constant temperature. Determine the sink temperature. 

6 . If 20 Btu of heat is added to a Carnot cycle at a temperature of 212°F while 
14.6 Btu is rejected to a sink at 32°F, compute the location of absolute zero on the 
Fahrenheit scale. 
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6 . Devise an absolute temperature scale that would read 100° at the boiling point 
of sulfur, and determine the temperature on this scale for the freezing point of water 
(boiling point of sulfur is 444.6°C). 

7. A Carnot cycle has the same efficiency between 1000°R and 5(X)°R and between 
a:°R and 1000°R (the sink). Determine x. 

8 . An inventor claims that a new cycle will develop 5 hp for a heat-addition rate 
of 300 Btu/min. The highest temperature in the cycle is 3000°R, while the lowest 
is 1000°R. Are his claims possible? 

9. A reversible power cycle is used to drive a reversible refrigeration cycle. The 
power cycle takes in heat AQi at Ti and rejects heat AQ2 at The heat pump 
abstracts heat aQa from the sink at T 4 and discharges AQz at Ta. Derive a general 
expression for the ratio AQ4/AQ1 in terms of temperature alone. 

10. A Carnot (\ycle operates between 300 and 100°F while 100 Btu of heat is sup¬ 
plied- Determine the thermal efficiency, work, heat rejected, and change in entropy 
for each process. Draw the cycle on the Ts diagram. 

11 . What is the independent variable underlying Eq. (7-3c)? Are the variables 
Qrev, S, and T properties? If they are properties, how was each established as a 
property? 

12 . Is it feasible to measure the heat reversibly transferred, say in an isothermal 
process of a gas? If it is not feasible, of what use is Eq. (7-3c)? (Note Art. 7-4.) 

13. Show that Eq. (6-4a) is an inexact differential equation for the variables u and v 
by applying the test of exactness (Art, A-6A:). 

14. Can the test of exactness show Eq. (7-4a) to be exact? 

16. Construct a portion of a Ts diagram for air considered to be an ideal gas. Show 
two isentropic, two constant-volume, and two constant-pressure processes. Use 
r„ = 0.17 and = 0.24 Btu/(lb„.)(°R), M - 29. 

16. A gas cycle consists of three reversible processes: ah, isothermal compression; 
he, constant-pressure expansion; and ca, reversible adiabatic. Draw the cycle on the 
Ts diagram, and indicate areas for the heat added, heat rejected, and the work of the 
cych'. 

17. Repeat Prob. 16, but assume that all processes are irreversible although the 
same sequences of states are encountered. Discuss. 

18. A gas cycle has the following reversible proces.ses: ah, isentropic compression; 
he, constant-pressure addition of heat; cd, constant-volume addition of heat; de, adia¬ 
batic expansion; ea, constant-pressure compression. Draw the cycle on the Ts dia¬ 
gram, and label areas that are proportional to heat or work quantities. 

19. Express the change in entropy from Vi, Ti to Vi, T 2 if Cv — A BT -f- CT*. 

20. A closed system undergoes a reversible process from 500 to 600°R with the 
heat transferred per degree increase in temperature being given by dQ/dT = 0.5 
Btu/deg and the wmrk by dW/dT = 1 — (10“<)7' Btu/deg. Find the change in 
internal energy and in entropy for the process. 

21. During a reversible process, the temperature and entropy are related by the 
equation T = As Bs^, wherein A and B are constants. Expre.ss the heat added 
between the temperatures Ti and T 2 . 

22. An iron rivet at 1800°F and weighing 1 Ib^ is dropped into an insulated bucket 
containing 10 lb„, of water and 5 lb,„ of ice in temperature ecpiilibrium. Determine 
the final temperature and change of entropy for the adiabatic system (Table B-3). 

23. A pound of ice at 32°F is dropped into 6 Ib^ of water at 80°F. Calculate the 
change in entropy of the adiabatic system. 

24. A pound of ice at 32°F is dropped into 3 lb« of water at 70°F. Calculate the 
change in entropy of the adiabatic system. 
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26. A stone weighing 50 Ibm falls from a height of 1,000 ft in vacuo and strikes a 
100-lbm iron plate. For the adiabatic system of stone and plate, compute the change 
in entropy. Assume that the heat capacities of stone and plate are equal, with a 
value of 0.2 Btu/(lbm)(°R), and that both objects experience the same temperature 
rise from 60°F. 

26. A tub contains 30 Ibm of water at 150°F. It is desired to cool the water by 

adding 15 Ibm of cold water at 60°F. (a) Compute the entropy change for the 

adiabatic mixing process of cold and hot water. (5) Sketch the processes followed by 
the hot and cold water (considered to be separate entities) on a Ts diagram. 

27. A rigid container filled with an ideal gas is equipped with a paddle wheel. The 
state of the gas before rotation of the paddle wheel is p = 15psia, V = lOft^f = 60®F. 
After paddling, p = 22 psia, F = 10 ft®, and t = 300°F. During the process, 5 Btu 
of heat was irreversibly transferred to the surroundings, which are at 40°F. Calculate 
the change in entropy per pound of gas if Cp * 0.25 and c„ = 0.20 Btu/(lbm)(°R). 

28. A reversible cycle consists of an isentropic compression from initial temperature 
to 1000°R, a constant-volume process from 1000 to 1500°R, a reversible adiabatic 
expansion to 1000°R, a constant-pressure expansion from 1000 to 1500°R, followed 
by a constant-volume process to the initial temperature. Draw the cycle on Ts and 
pv diagrams, and calculate the initial temperature if A: = Cp/cv = 1.40. 

29. For the data of Prob. 28, calculate the thermal efficiency of the cycle if Ti = 
566°R. Calculate the availability of the heat added to the cycle and rejected from 
the cycle if the atmosphere is at 60°F and Cp = 0.24 Btu/(Ibm) (°R). (The difference 
in availability should check the product of thermal efficiency and heat added.) 

80. Consider the iron rivet in Prob. 22 to be a heat reservoir, and calculate the 
availability of the heat transferred in cooling the rivet to 32°F (which is To). Since 
the cooling of the rivet does not melt all the ice, the temperature of the ice water 
remains at 32°F. What happened to the available energy originally in the rivet? 

31. F or the data of Prob. 23, calculate the change in availability of the ice and of 
the water and the net change. Illustrate the results of the adiabatic process on the Ts 
diagram for each constituent considered alone. 

32. For the data of Prob. 25, calculate the increase in availability of the two 
masses from temperature increase and the loss of available energy of the stone in 
falling. 

33. From a substance which holds a constant temperature of 3(X)0°R, 200 Btu of 
heat is transferred to another substance, which accepts the heat at a constant tempera¬ 
ture of 800°R. If the atmosphere is at 60°F, calculate the loss of available energy 
arising from the heat transfer. 

34. An ideal gas at 600°R with A: = 1.4 is isentropically compressed from 60 to 
10 ft’/lbm. Heat of amount 1200 Btu/Ibm is then reversibly added at constant tem¬ 
perature, followed by an adiabatic expansion to the original temperature. The cycle 
is closed by a reversible isothermal rejection of heat. The cycle efficiency is 40 per 
cent; calculate the work done. Draw the cycle on the Ts diagram. Does the cycle 
have a name? 

35. (a) For an internally irreversible process, the entropy change (1) is always 
zero; (2) is always positive; (3) is always negative; (4) may be positive, negative, or 
zero. (6) If heat exchange occurs between two systems because of an appreciable 
temperature difference, the entropy change of the adiabatic system comprised of the 
two systems is (1) positive, (2) zero, (3) negative, (4) indeterminate, (c) For an 
isentropic process, the heat capacity is 0, <», Cp, c„, or indeterminate, (d) When heat 
is reversil)ly added to a gas while it expands and its temperature drops, then A-s for 
the gas is -h, —, <», or indeterminate. 
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CHAPTER 8 


S ECOND AND TH IRD LAW TOPICS 

The rank is but the guinea’s stamp, 

The man’s the gowd for a’ that. 

Robert Burns 


It has been emphasized that mechanical engineering thermodynamics 
has two objectives: energy analyses and property interrelationships. In 
this chapter the latter topic will be primarily considered. 

8-1. Differential Relationships for Systems of Constant Chemical 


Composition. The fundamental equation to describe 
closed system of unit mass was derived in Art. 7-4: 

processes of a 

du = T ds — p dv 

Other properties are arbitrarily defined: 

(8-la) 

h ^ u + pv (enthalpy) 

(2-36) 

a = u — Ts (Helmholtz free energy) 

(8-2a) 

= h — Ts \ (Gibbs free energy) 

Then by differentiating Eq. (2-36), 

dh — du p dv V dp 

and by substituting Eq. (8-la), 

(8-26) 

dh = T ds V dp 

Similarly, 

(8-16) 

da = —pdv — sdT 

(8-lc) 

dg = V dp — s dT 

(8-ld) 


Equations (8-1) are the means for obtaining property relationships. 
For example, Eq. (8-la) declares that u = f{s,v); it follows that 


du 


du\ , , du\ 

~ I 

And by comparing Eqs. (A-56) and (8-la), 

-) = 7 

S/v 


dv 


^ 1 


du 

dv 




(A-56) 


(8-3a) 
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The second cross partials of a continuous function with continuous 
derivatives are equal (Art. A-6fc). Hence differentiate Eqs. (8-3a): 


d^u _ ^ d^u 

ds dv dv /, dv ds 


and obtain the 
Maxwell from u 


dv Jg ds)„ 

Or, by operating on Eq. (8-lc), obtain the 

Maxwell from a 


dp\ _ ds\ 


ds/v 


(8-36) 


(8-3c) 


Equations (8-3) illustrate one form of the relationships between proper¬ 
ties that can be found from mathematical manipulation. 

Example 1. Check the data for superheated steam at 500 psia, 700°F, by the 
Maxwell from u. 

Solution. Select p, s data, all for the same specific volume (that at 500 psia, 700®F), 
from the Steam Tables, and plot; measure the slope of the graph at 500 psia. This 
slope measures about 


dsjv 


, ,,,, lb//in.2 144 in.Vft* 

^ Btu/lb,n 778 ft-lb//Btu 


273 


ftvfb„ 


Ans. 


Next, select t, v data, all for the same entropy (that at 500 psia, 700°F), from the Steam 
Tables, and plot; measure the slope of the graph at 700°F. This slope measures about 


dv A 


273 


ft>/lb^ 


Ans. 


The two values are equal, as predicted by Eq. (8-36). 

Another objective is to change the differential equation into one involv¬ 
ing a heat capacity and a pvT relationship. For example, since 
U = f{T,v), 

and since the first coefficient is recognized to be Cv [Eq. (2-4a)], 


du = CvdT + — ) dv 
dv/T 

Half of the objective is now fulfilled. To complete the task, select 
Eq. (A-66) (because one of us, fortunately, has found the right path by 
trial): 
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And by substituting Eqs. (8-3a) and (8-3c), 


dv/T 



(8-4a) 


(Thus the change of internal energy with isothermal compression can be 
calculated without heat measurements from the equation of state alone.) 
The complete differential equation is 


du = Cv dT + 


\ t ^\ 

dT), 


dv 


iSAh) 


Since du is an exact differential, any path between two states can be 
selected for integration. An “easy’’ path is to let temperature changes 
occur at constant volume and to let volume changes occur at constant 
temperature: 


to = I CvdT + / T - p dv (8-4c) 

jTi Jwi»C Jvi L 


To calculate A?/, note that heat measurements must be made to obtain 
Cv values at Vi (and at various temperatures), and the equation of state 
must be established [so that substitutions can be made for dp/dT and p 
in Eq. (8-4c)]. 

By similar procedures, it can be shown that 


dh = Cp dT + 

And, by other procedures, 

dTjv dTjp 




dp 


Cp Cv 


(8-5) 

(a) 


Hence it is not necessary to measure both Cp and c,,, since one of these 
properties can be found from Eq. (a) and the equation of state. 

The slope of the vapor-pressure curve (Fig. 9-2) is dictated by the 
Clapeyron equation 

dp A/lphage change "j 

dT TA^phase change J T.p 


Or conversely, by measuring the slope and the volume change with 
change in phase, the latent heat of phase change can be calculated. 

8-2. Extensive Property Equations. Consider Eq. (8-la) in the form 


dU=^TdS-pdv] ^ (8-la) 

Jna,n6, .. . —C 

Recall that Eq. (8-la) was derived for a system of fixed mass in equi- 
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librium. But suppose that the moles of constituents ria, rih, etc., are 
considered to be independent variables. Then Eq. (8-la) implies that 


and therefore 


V . . .) 


dU = ^dS + ^dV + — dn. + — dn, + 


(o) 


By comparing (a) and (8-la), it follows that 


dU = TdS - pdV + ~dna + ^ dn„ + 


(8-6o) 


By repeating the foregoing steps for the properties H, A, and G, 

^TJ ^TT 

dH = TdS+ V dp + ~ dn^ + ^dnt + ■ ■ ■ (8-66) 

dH/f) 

dA = -SdT - p dV + ^ dn, + ^ dm A- ■ ■ ■ (8-6c) 

OUa OUb 

dG = -S dT + V dp + ^ dria + ^ dm + • • • (8-6d) 

dUa drib 


Equation (8-6a) can be converted into an equation for dH by adding 
d{pV) to both sides of the equation [and dU into dA by subtracting 
d{TS) and similarly for dH into dG]. Then by comparing the converted 
equations with (8-6), the following equalities must hold: 

(8-7) 

^ dnjjT,p,no,... dnjJs,V,na.... dnj/s,p,na,... dnj/T,V,na,... 

Since M; is a function of properties, it too is a property (Art. 2-11) and is 
called the chemical potential of constituent j. The value of the chemical 
potential is unchanged when the size of the homogeneous system is 
increased or decreased at constant temperature, pressure, and chemical 
composition; hence it is an intensive property [note Eq. (8-6^)]. 

As the name implies, the chemical potential can be shown to be the 
force function for chemical or phase equilibrium, just as temperature is 
the potential for thermal equilibrium and pressure the potential for 
mechanical equilibrium. Thus two phases of a pure substance are in 
equilibrium when their chemical potentials are equal; a constituent will 
diffuse from one phase into another if the chemical potential of the 
constituent is higher in one phase than in the other; or chemical change 
will occur unless the chemical potentials of reactants and products are 
in balance.^ 
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For example, if Eq. (8-6a) is applied to a closed system of water and 
steam in equilibrium, 

dU — T dS — p dV iJLf duf -b pg dUg 

Since the change in amount of water must be exactly compensated by 
an opposite change in the amount of steam, 

dU = T dS — p dV + {pf — fig) drif 

And by accepting that the chemical potentials of water and steam in 
equilibrium are equal (/x/ = Mo), i^st as ps = pg and Tf = Tg, 

dU=TdS-pdV (7-4a) 

An equivalent type of argument can be made for chemical equilibrium. 
Thus Eq. (7-4a) holds for closed systems doing only mechanical work in 
phase or chemical equilibrium. 

Suppose that the closed system contains inert constituents. Then 
duaj dubj etc., in Eq. (8-6a) are zero and Eq. (7-4a) is again obtained. 
Thus Eq. (7-4a) also holds for closed systems of inert constituents (doing 
only mechanical work). 

8-3. The Reaction Equation. Consider the chemical reaction 

Vad 4" Vhb — VrC + Vdd 

When pure reactants a, h are converted into pure products c, d, the change 
in the extensive property X for the reaction is defined as 

^X. = c i X d a *” X^b — I VdP^d Vb^'b 

wherein Xb, etc., and Aa, A^, etc., are necessarily absolute values of 
the particular property. For example, the complete conversion of 1 mole 
of CO and 3-^ mole of O 2 , each at a reference or standard state, into 1 mole 
of CO 2 at a standard state is shown as 

CO(^) + C02(,^) A//° = -121,064 Btu 

Here = HI,,, - HZ,, - HZ,., 

The gaseous phase of each constituent of the reaction is shown by 
the letter g (and I and s would be used if the liquid and solid phases 
were present). The change in absolute enthalpy for the reaction is 

— 121,664 Btu for each mole of CO 2 that is formed; thus, the absolute 
enthalpy of CO 2 at its standard state is —121,664 Btu less than that 
of 1 mole of CO and mole of O 2 , each at its standard state (or the 
enthalpy of 1 mole of CO 2 relative to 1 mole of CO and 3^ mole of O 2 is 

— 121,664 Btu). Although usable values (see Art. 2-5) of the absolute 
internal energy or enthalpy of a single substance are not available, note 
that AJy (or AA) is indeed a difference of absolute quantities. 
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The use of the standard state for recording data reduces the number of values of AH, 
for example, that can be found in the literature for a particular chemical reaction. 
Thus, for gases the degree sign usually signals that each constituent of the reaction 
was evaluated at 1 atm and at a temperature of 25°C (77°F) (18°C has also been used). 
Although the standard state implies a definite pressure, this requirement is not essential 
for the properties of internal energy and enthalpy if the gases behave ideally because 
the internal energy and enthalpy of ideal gases are dependent upon temperature alone 
(and the internal energies of solids and liquids are little affected by pressure). For 
properties such as volume and entropy, however, pressure is a strong variable. 

Since the value of a property is fixed by the state, the change in a 
property in passing from reactants to products is Entirely independent 
of the intermediate products that may be formed or the transfers of heat 
and work that may accompany the change. When the enthalpy of 
reaction of solid carbon is found by experiment to be 

C(s) + 02(^) CO^ig) AH^rv = -169,182 Btu (a) 

and also for carbon monoxide for the same standard states 

CO(^) + y202{g) -> C02(^) = -121,664 Btu (6) 

then (6) can be subtracted from (a) to yield 

C{s) + y202{g) = CO(^) A/Z^Vf = -47,518 Btu (c) 

This procedure was possible because the CO 2 , for example, was in the 
same state in either equation and therefore its enthalpy in each equation 
had the same value. In this manner, the enthalpy of reaction can be 
calculated for reactions [such as (c)] that cannot be experimentally per¬ 
formed (since both CO and CO 2 would be formed in burning C). 

To facilitate the calculation of enthalpies (or free energies) of reaction, 
a table of relative enthalpies (or relative free energies) can be constructed. 
The procedure is to set equal to zero, arbitrarily, the enthalpy (or free 
energy) of each element in its standard state. Then, when a compound 
is formed from the elements, the enthalpy (or free energy) of the com¬ 
pound is equal to the AH (or AG) for the reaction. For example, 

C(s) + 02(^) —^ C02(^) A/ZJyop = --169,182 Btu 

and, arbitrarily, at a datum of i — 77®F, p = 1 atm, 

hc(,) = 0 ho,(o) = 0 hcotia) = —169,182 Btu/mole 

The enthalpy of a compound relative to its elements is called the heat of forma- 
tion or enthalpy of formation. The standard states must always be 
specified. 
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The enthalpy of reaction can be calculated from the enthalpies of 
formation. For example, 

CO(g) + H20(/) C02{9) + H 2 (g) 

and for this reaction 

AH = hcQ., Hqq h^20(i) 

Values can be substituted from Table B-13, 

AH^ = -169,182 + 0 + 47,518 + 122,891 
= 1227 Btu 

8-4. The Power Process with Combustion. The creation of a heat 
source for the commercial power cycle is accomplished by burning a fuel, 

such as coal or fuel oil, with atmos¬ 
pheric air. A flow process is invari¬ 
ably used because of the large 
quantities of heat demanded by 
commercial systems. Figure 8-1 
illustrates the usual furnace. Air 
and fuel at atmospheric tempera¬ 
ture and pressure enter the system, 
and an irreversible mixing process 
takes place. The mixture is not 
in chemical equilibrium, but the 
inertness of the substances prevents 
reaction until a spark or a flame 
is present. Then an irreversible chemical reaction occurs with the 
attainment of a high temperature. As heat is transferred from this heat 
source, the temperature of the hot gases falls until the limiting tem¬ 
perature is approached—that of the atmosphere. 

Let the steady-flow energy equation be applied to the furnace of 
Fig. 8-1, 

Aq = h,- (5-7rf) 

Here /12 is for the products of combustion and hi for the reactants. As¬ 
sume combustion is complete (complete conversion of reactants into 
products), that the process occurs at constant pressure, and that the 
products are cooled back to the initial temperature. Then, for M units 
of massf of reactants and products, the heat received from the furnace 
equals 

iO], -H,- Jf,],, (8-8) 

t In general, equations of processes involving a chemical reaction will be shown with 
extensive values for the properties to warn of the change in composition. 


SURROUNDINGS 


Products 
{in limit) 


AOj. AQ AD. 

'mai '0 

{Heat transferred at decreasing 
temperatures) 

Fig. 8-1. System of combustion furnace 
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Thus, the limiting amount of heat that can be obtained from the furnace 
equals the enthalpy of reaction (Art. 4-3/). The usual furnace can supply 
about 85 per cent of this maximum to a power cycle, while the remainder 
is ^^lost” to the surroundings; the efficiency of the furnace, then, is 
85 per cent. The efficiency is thus defined as 


’?fu, 






P.T 


(8-9) 


wherein — A/f is called the heating value of the fuel. 

The heat passes from furnace to power cycle but here the Second Law 
intervenes and the work obtained can be no greater than the availability 
of the heat. Hence, the work of the commercial power cycle is far less 
than the heating value of the fuel because of the Second Law restriction 
on a cycley because of the inefficiencies of the furnacey and because of the 
inefficiencies of the cycle. 

Example 2. Methane and air are burned at atmospheric pressure in a furnace and a 
temperature of 3000°F attained. Determine the thermal efficiency of a reversible 
cycle (the system) which uses the hot gases (in the surroundings) as a source of heat. 
[Assume that Cp — 0.25 Btu/(lbm)(®R) for the gases and that the atmospheric tem¬ 
perature is 60°F.] 

Solution. The irreversible combustion process is not included in the system, and 
hence it is not a part of the problem. Let the hot gases be reversibly cooled at con¬ 
stant pressure to To, 

A^rev == Ah] = rp(To - T.) = 0.25(520 - 3,400) = -735 Btu/lb„» hot gases 
Jp-C 

The change in entropy of the gas is 

As = c. In = 0.25 In = -0.475 Btu/(lb„)(°R) 

Substituting these values into Eq. (7-116), 

Act = Aqrev - To As = -735 + 520(0.475) = -489 Btu/lb,n 

(The minus sign applies to the heat reservoir.) Thus, the work of a reversible cycle 
which reversibly cools the combustion gases to To is -|-489 Btu/lbm. The thermal 
efficiency of the reversible cycle equals 

^ ” 0.665, or 66.5% Ans, 

8-6. The Reversible Power Process. The power process of Art. 8-4 
produced work because of a chemical reaction that began with the 
reactants in temperature and pressure equilibria with the surrounding 
atmosphere and ended with the products of the reactions in a similar 
state. The question to be answered is this: If the chemical reaction had 
been reversibly accomplished, what would be the maximum work? 
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The work of a closed system is dictated by its energy equation, 

-AIT - At/ - (4^d) 

If AW is to be a maximum, tfie process must be reversible and by Eq. (7-7) 
-AW„, =AU-[TdS 

oloaed J 

■yatem 

Since the surroundings have a constant temperature, reversible transfers 
of heat can be only at this temperature (which is also the temperature of 
the end states), 

AWr.. ] =-AU+TAS (a) 

closed I 
system -• T 

Since the surroundings have a constant pressure, the work to displace the 
surroundings equals 

p{V2 - Vi) = ApV 

When this amount is subtracted from Eq, (a), the net or useful work that 
can be delivered by the reversible process is obtained, 

AWrevnetl = ^All - ApV + T AS = -AH + T AS (b) 

cloaed I 
aytteni -J J,p 

The foregoing steps can be repeated for a steady-flow open system, f 

-AlV = AH - AqI 

^ Jaa'£.apj?=o 

M units of mass 

And for reversible transfers of heat at the constant temperature T of the 
surroundings and the end states, 

AWrev ] =-AH+TAS (c) 

Bteady-flow J ^ 

If the steady-flow process begins and ends at the pressure p, Eqs. {h) and 
(c) become identical. 

The interesting aspect of Eqs. (o) to (c) is this: The work of a revers¬ 
ible process that uses only the constant-temperature surroundings as the 
medium for reversible heat transfers is independent of the path and 
depends only on the end states. Thus, high temperatures or high pres¬ 
sures during the power process are not demanded, 

t And the steady-flow process is evaluated for M units of mass, so that the capital¬ 
ized symbols can warn of the change in composition. 
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With Eqs. (8-2a) and (8-2b), it follows that 

1 ^ (8-lOa) 

system J T 

^ ( 8 - 106 ) 

system -* T,p 

^ (8-lOc) 


Most if not all of the commercial power processes begin and end at 
essentially the same temperature and pressure as the surroundings, and 
therefore E(js. (8-10) can be the criteria of the maximum work from such 
processes. Consider the general process in Fig. 8-2, which can represent 
any one of various commercial sys¬ 
tems. Equation (8-1 Oc) predicts 
the maximum work to be 

A1 - -AG 

steady-flow J y, 

= -Ml -f T ^S 

But this work is greater or less 
than the negative of the enthalpy 
of reaction (the heating value) ac¬ 
cording as the sign of AS is positive or negative. Since the process is 
reversible, a positive AiS can arise only if heat flows into the system from 
the surroundings and, by this aid, the work output is increased to a value 
greatert than the heating value of the fuel. Typical values of and AG° 
are as follows: 


/. Boundary 

? ^Furnace-boiler-turbine) f- 

^ (Gose^ine or diesel engine ). 

[Gas turbine) 


Air 

Po^o 

Fuel 

Po^o 


1-A 



Products 
Po^o • 
[in limit) 


SURROUNDINGS 

\ i 

^0 AIT 

Fig. 8-2. General heat power system. 


i 

-AH\ Btu/lb,„ 1 

Btu/lb„ 

Coal (carbon). 

11,087 

14,118 

Carbon monoxide (gas). 

4,344 i 

3,942 

Methane (gas). 

21,502 

21,069 

Octane (liquid) (gasoline). 

19,256 

19,647 


Recall (Art. 8-4) that, for the system of furnace and cycle, the Second 
Law restricted the work of a reversible cycle to be much less than the heating 
value of the fuel, but for the work of a reversible process the Second Law 
makes no such restriction! 

For certain chemical reactions a galvanic cell can be constructed that 
will allow the chemical reaction to be conducted under conditions 


t And less if AS is negative. 
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approaching reversibility (Art. 6-8). Then, by Eqs. (8-106) and (6-8c), 


AW 


rev ne 
closed 
ay stem 




— AC] = nF8 

]t,p 


( 8 - 11 ) 


In this manner, values of AC for a chemical reaction can be calculated 
from experimentally measured values of the reversible potential 8 
(obtained in an isothermal process!). 

When the galvanic cell principle is used as a power source with a flow 
system, the device is called a fuel cell. Here the maximum work is also 
predicted by Eq. (8-11), but now reversibility is not approached because 
speed of operation is demanded. Even so, an irreversible fuel cell may 
be more efficient than a combustion system that includes a cycle. Con¬ 
sider that Example 2 showed that only about 66 per cent of —AH could 
be obtained as work from a certain combustion process and reversible 
cycle. Since the real cycle is inefficient, the over-all efficiency would be 
much lower, of the order of 30 to 40 per cent. Hence a fuel cell cah be 
quite inefficient and yet outproduce the system of Example 2. 


Example 3. Calculate the loss of available energy for the combustion process of 
Example 2. 

Solution. The maximum work obtainable in a steady-How process from the 
methane-oxygen reaction is 

AIT rev 1 = —A(7 = 21,069 Btu/lbm methane 

Bteady-flow J To 

The work obtained in Example 2 was 


Air = vt{-AH) = 0.665(21,502) = 14,299 Btu/lb^ methane 

Hence the loss of available energy because of the irreversible combustion process (the 
only irreversibility in Example 2) was 


Ad = —6,770 Btu/lb,„ Ans. 

(Although aG at 77°F is not necessarily ccjual to aG at 60°P\ the difTerence is quite 
negligible since the change in G with temperature for the products is offset by the 
change for the reactants.) 

8-6. The Third Law. The entropy of a pure substance was defined 
in Arts. 7-3 and 7-4 only up to an arbitrary constant, 

s = s{TjP) -f So 

This procedure was satisfactory since, for changes in state without chemi¬ 
cal reaction, only the differences in entropy were of interest and the 
value of So canceled from the calculation. However, an absolute value 
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for entropy can be determined from the theorem known as the Third Law 
of Thermodynamics: 

The entropy of a pure substance in complete thermod 3 mamic 
equilibrium becomes zero at the absolute zero of temperature. 

The entropy of a mixture of substances can not be zero at the absolute 
zero since an entropy of mixing is present (Art. 11-13). Also, a glass 
(supercooled fluid) is not in internal equilibrium at the lowest test tem¬ 
perature and probably retains a positive entropy even as the absolute 
zero is approached. For these reasons, it is not uncommon to state the 
Third Law as an unattainability principle. In the words of Fowler and 
Guggenheim 


It is impossible by any procedure no matter how idealized to 
reduce any assembly to the absolute zero in a finite number of 
operations. 


The Third Law enables the absolute entropies of pure substances to be 
calculated from the fundamental definition of entropy [Eq. (7-3c)], with 
So set equal to zero. 


s 



pure substance 
in equilibrium 


(8-12) 


Ecluation (8-12) can be evaluated if the complete thermal history of the 
equilibrium states of a substance is known from a temperature close to 
zero to the temperature T, This requires experimental measurements 
of heat capacities, heats of transition, fusion, and vaporization. The 
data are then extrapolated to the absolute zero by theoretical considera¬ 
tions. Also, the absolute entropies of many substances are found today 
from theoretical calculations resting upon the methods of statistical 
mechanics, for example, the Sackur-Tetrode equation for the translational 
contributions to the entropy of an ideal gas: 

- MR In M + %/? In T - /? In p - 2.298 

Table B-13 lists values of absolute entropies for various pure substances 
found from both experimental and theoretical relationships. 

Simon’s remarks on the Third Law are illustrated in Fig. 8-‘l. Classical theory 
dictates that the heat capacities should tend toward constancy as tlie temperature 
approaches zero. Then for an ideal gas 

«2 — si = r. In -h J? In — 

i 1 

and «i becomes negatively infinite (Fig. 8-3a) as Ti approaches zero (and the same 
conclusion is reached for any substance in any phase with finite heat capacity). The 
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picture was changed by Einstein (1907), who predicted that the heat capacities would 
fall away to zero at the absolute zero. With this new concept, Fig. 8-36 might be 
proposed. But the Third Law demands not only that the heat capacities must 
approach zero but also that entropy dilTerences at the absolute zero must disappear 
(Fig. 8-3c). 

The unattainability of the absolute zero can also be demonstrated by the common 
intersection of the property lines in Fig. 8-3c. Note that lines of constant entropy 
cannot intersect; else the Second Law would be broken. Then T = Ois the locus of 
g =s 0, which cannot intersect another locus of constant s. Nor can T = 0 be attained 
by cooling since this implies the existence of a sink at least at zero temperature. On 
the other hand, if P"ig. 8-36 were true, zero temperature could be reached by a reversi¬ 
ble adiabatic expansion (path 6c). 





Fig. 8-3. (a) Ts diagram for substance with constant (nonzero) heat capacity; 
(6) Ts diagram for substance with zero heat capacity at the absolute zero but not 
obeying the Third Law; (c) Ts diagram for Third Law substance. (After Simon.*) 


With the Third Law, experimental methods may often be replaced by 
theoretical calculations. For example, 

AG^] (a) 

J T,p 

1. AS° can be found from theoretical data (Table B-L3), AH° can be 
found from calorimeter tests (Art. 4-3/ and Table B-11), and AG° can be 
calculated. The emf of a reversible cell can thus be predicted [Eq. 
( 8 - 11 )]. 

2. Or the emf can be experimentally measured and AG° calculated. 
Then, from values of AS° [Table B-13 and Eq. (a)], A//° can be predicted 
(usually with better accuracy than the value found experimentally). 

3. Or AG° and AH° can be found experimentally (galvanic cell and 
calorimeter) and AS° predicted. (Tests of this type confirmed the Third 
Law in the days when the law was not universally accepted.) 


PROBLEMS 


1 . Derive Eqs. (8-lc) and (8-Id). 

2. Obtain relationships similar to Eqs. (8-3a) from the properties 6, a, and g. 



SECOND AND THIRD LAW TOPICS 


137 


3. Derive the Maxwells from h and g. 

4. Find dh/()p)T. 

5. Derive an equation for Ah. 

6. Solve Ecj. (8-4c) for an ideal gas and for a van der Waals gae [p + o/v* *» RT/ 
(v — h)] (with a, b constants). 

7. Derive Ef|s. (8-h6), (8-Gc), and (8-6d). 

8 . Derive Eq. (8-7). 

9. For the reaction (U) -f (/O 2 , write an equation that shows precisely 

(by appropriate subs<Ti]its, ei,c.) the meaning of A//®. 

10. Calculate the entlialjjy of reaction (i3tu/lb,„) when burning ethane with oxygen 
(gaseous products) (Tal)l(' B-13). 

11. Cahjulate A*S'® for the reaction of ethane with oxygen from absolute entropy 
values, and ch(U“k by a 6’°, A//° data in Table B-13. 

12. Given the tliree enthalpies of reaction for methane, carbon, and hydrogen 
reacting with oxygen (Table B-11), calculate the heat of formation of methane. 

13. An inventor claims that a new power cycle has a thermal efficiency of 75 per 
cent. His heat source is the usual furnace, with the hot gases from the combustion 
process at 3260°R being cooled at constant pressure to 260°F at the chimney (stack) 
exit. Is his claim possible? Given To = 60®F and Cp = 0.25 Btu/(lbm)(°R). 

14. F or the data of Prob. 13, assume that methane was the fuel, and calculate the 
loss of available energy from the combustion process. How can this loss be reduced? 

16. An ideal gas is sometimes defined with the stipulation that Cp and Cv are con¬ 
stants. Does this defined gas conform to the Third Law? 

16. Decide the units of the Sackur-Tetrode equation. 

17. What would be the ‘^efficiency'’ (w^ork divided by the heat of combustion) of a 
reversible fuel cell that uses methane and oxygen? Discuss. 

18. Discuss why a fuel cell can have an “efficiency” which is greater than the 
Carnot (Second Law) prediction. 

19. Calculate AG°, given A//° and values (Tables B-11 and B-13), for the reac¬ 
tion of solid carbon w ith oxygen to form carbon dioxide at 77°F. 
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CHAPTER 9 


PROPERTIES OF THE PURE SUBSTANCE 

Mine honour is my life, both grow in one; 

Take honour from me, and my life is done. 

Shakespeare (Richard III) 


To measure experimentally and to compute analytically the properties 
of substances are expensive tasks; therefore, relatively complete data are 
available only for substances that fulfill a commercial need. The 
development of the steam power plant was accompanied by extensive 
study of the properties of water; similarly, the growth of the refrigeration 
industry produced a corresponding increase in knowledge of the properties 
of refrigerants. 

9-1. The pvT Surface for a Pure Substance. The interrelationships 
among pressure, specific volume, and temperature can be shown on a 
three-dimensional surface such as that illustrated, in part, by Fig. 9-1. 
Although this drawing is for water, it can be viewed as a characteristic 
surface for all substances (of course, with different numerical values for 
the coordinates). The coordinates of a point on this surface represent the 
values for pressure, specific volume, and temperature that the substance 
must assume if it is to be in a stable equilibrium state. (Conversely, if 
the properties of the substance do not dictate a point on the surface, the 
substance is in a metastable state.) There are three regions, labeled S^L, 
and G, on this model, where the substance exists only in a single phase: 
solid (ice), liquid (water), and gas (steam). In each of these single-phase 
regions, the state of the substance is fixed by any two of the three prop¬ 
erties of pressure, specific volume, and temperature, for all these proper¬ 
ties are independent of each other. 

Between the single-phase areas are the transitional, or two-phase, 
regions, where two phases exist in equilibrium: liquid-vapor^ solid-vapor^ 
and solid-liquid. The solid-liquid region extends (through gh) from 
a to 6, and the volume at h is greater than that at a. This is because, 
when ice melts, the volume decreases. (Most substances have the oppo¬ 
site characteristic of increasing volume when the solid is liquefied. For 
these substances, the solid region will be moved back to 5'.) 

Within the two-phase regions the properties of temperature and pres¬ 
sure are interdependent, for one cannot be changed without changing the 
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other. For this reason, the state of the substance, although fixed by 
two independent properties, cannot be fixed by temperature and pressure 
alone. Specific volume and either temperature or pressure can be used 
for this purpose. 

The specific volume of the two-phase mixture is equal to the sum of the 
volumes (not specific volumes) of each phase because the mixture has unit 
mass. Hence, if the amount of one phase is increased, the amount of the 
other phase is correspondingly decreased and the specific volume of the 



Specific volume 


Fig. 9-1. The j)vT surface for water (not to scale). 

mixture must change because for each phase the specific volumes have 
different values. 

Three phases can exist in equilibrium along line ahd, which is the locus 
of the triple point. Here, if the amount of one phase is increased, the 
amount of the two other phases is correspondingly decreased but the exact 
amount for each of these two phases is indeterminate. Therefore, the 
state of a mixture at the triple point cannot be completely fixed by the 
properties of pressure, temperature, and specific volume because an 
infinity of mixtures can exist at any point along line abd. However, 
inspection of the first T dS equation [Eq. (7-4a)] shows that in the 
absence of potential and kinetic effects the state of the system is deter¬ 
mined by the values assumed by two of the three properties of entropy, 
internal energy, and specific volume (Art. 8-2). 
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The liquid from to w is in equilibrium with vapor and is therefore 
called saturated liquid. The locus of single-phase states of saturated 
liquid is ac. Similarly, the locus of single-phase states of saturated vapor 
is dc. Saturated vapor is vapor in equilibrium with saturated liquid. 
States in the two-phase area acd contain mixtures of saturated vapor and 
saturated liquid. 

A number of processes can be devised to allow a traverse to be made on the surface 
of Fig. 9-1. Consider a liquid at a given pressure and temperature, say point n in 
Fig. 9-1. When the liquid at state n is cooled at constant pressure, the volume and 
temperature decrease while the state shifts toward point o. Now, when the liquid at 
o is cooled at constant pressure, ice appears, the volume increases, the temperature 
remains constant, and the state shifts toward point p while more and more of th(‘ two- 
phase mixture of liquid and solid turns into ice. The solid at state p is heated at 
constant temperature, while pressure is decreased, the volume increases, and the 
state shifts toward q along the path pq (lying on surface <S). The i(re at state q is 
heated at constant pressure, vapor appears, the volume increases, the temperature 
remains constant, and the state shifts toward point r through the two-phase mixture 
of solid and vapor. At r, the solid has been entirely converted into vapor without the 
appearance of a liquid phase (sublimation). State u is attained by traversing the gas 
region: a constant-temperature (expansion) path from r to s, a constant-pressure 
(expansion) path from s to t, and a constant-temperature (compression) path from t 
to u. The vapor at state u is cooled at constant pressure; the temperature remains 
constant, liquid appears, and the state moves toward v while the two-phase mixture 
of liquid and vapor shrinks into liquid. At state v, only liquid is present. The 
original state n is restored by isothermal compression of the liquid from v to n. 

9-2. The Tp Diagram. Suppose that all points on Fig. 9-1 are pro¬ 
jected to the temperature-pressure plane. The resulting plot is called 
the equilihriunij or phase, diagram, Fig. 9-2. All two-pha.se areas are 
reduced to lines on a diagram of temperature and pressure beeau.s(‘ the.se 
properties are interdependent during a phase change (phase' changes at 
constant pressure also occur at constant temperature). 

The triple pointj that was a line ahd on Fig. 9-1 appears as a point on 
Fig. 9-2. Limit agh slopes to the left for water and to the right for other 
substances. At extremely high pressures, different phases may be 
assumed by the solid. BridgmanI§ has identified seven different crys¬ 
talline forms for ice; the regions where they exist are shown in Fig. 9-2. 
The pure substance H 2 O can exist in at least nine different and distinct 
phases. 

t The triple point of water is often confused with the ice point. At the triple point, 
the pressure of 0.089 psia is exerted entirely by the H 2 O, and the temperature is 
32.018°F; at the ice point, the pressure of 14.696 psia is exerted primarily by air on a 
mixture of ice, water, and vapor, and the temperature is 32.0(X)°F. 

t P. W. Bridgman, High Pressure and Five Kinds of Ice, J. Franklin Inst., 177 
(3): 315-332 (1914). 

§ P. W. Bridgn^an, The Phase Diagram for Water, J. Chem. Phys., 6: 964-966 
(December, 1937), 
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Point c is called the critical point and marks the termination of any 
distinction between liquid and gaseous phases. If liquid-vapor phases 
in equilibrium at uv and confined in a glass cylinder are maintained in 
equilibrium while the temperature and pressure arc raised, the attain¬ 
ment of state c will be marked by the disappearance of the meniscus that 



identified the presence of two phases. In the vicinity of state c, the 
properties of the liquid phase and the vapor phase approach each other 
in similarity; for example, the specific volumes of liquid and gas approach 
t he same value. At state c, all properties of both phases become identical. 
Note that a single phase of a fluid when confined in a glass container could 
not be visually recognized to be a solid, liquid, or gas (unless a change in 
(*olor occurs with change of phase). 
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The Tp diagram shows that the liquid and the gas phase cannot be 
separately identified when the temperature and pressure are above the 
critical values. In this region, these two phases merge into one phase 
without forming a two-phase mixture, and the general name fluid is more 
appropriate than the phase names liquid and gas. 

It is interesting to traverse the fluid region with the glass cylinder and piston. 
Consider two phases in equilibrium at state uv. If the pressure is raised while tem¬ 
perature is held constant, the vapor phase disappears, as evidenced by disappearance 
of the liquid meniscus, and the compressed liquid will pass to state w. Now, if the 
temperature is raised while pressure is held constant, the state x can be attained with¬ 
out the appearance of a phase change. Similarly, the state can be changed from x to 
y and y to u' without the appearance of two phasfes. But with the attainment of u, 
a liquid phase definitely appears from what was presumably all liquid. Hence, some¬ 
where along the path uvwxyu' the liquid phase must have changed into the gas phase. 
Since the change occurred without evidence of two phases being present, the exact 
point cannot be stated where the describing names of gas and liquid became applicable. 

The path nopqrstuvn followed in Fig. 9-1 is reproduced in Fig. 9-2. 

The diagram of Fig. 9-2 for a pure substance (or one component) shows 
the values of temperature and pressure which allow phase equilibrium, in 
this case, for water. If other components are added to the water, 
obviously the pT relationships of Fig. 9-2 will be changed; hence, the 
values in the equilibrium diagram are controlled by the variables of pres¬ 
sure, temperature, and composition. The question then arises: What 
effect will there be on the number of phases that can exist in equilibrium 
when pressure, temperature, or composition is changed? The possible 
variations are shown by the Gibbs phase rule 

F = C - P + 2 (9-1) 

where F = number of degrees of freedom: number of independent varia¬ 
tions of phase intensive properties or of concentrations of the 
components without change in number of phases 
C — number of components (Art. 2-9) 

P = number of phases 

The rule can be illustrated by referring to Fig. 9-2 for the simplest case 
of a one-component system. For a single phase, 

F = C- P + 2 = l- l+ 2 = 2 

Thus, a single phase of a pure substance has two degrees of freedom: 
any two intensive properties can be independently varied without 
forming additional phases. Similarly, if two components are present, 
F = 3 for a single phase, and temperature, pressure, and composition can 
all be independently varied without the appearance of a new phase. If 
two phases of a pure substance are to coexist, F = 1; here only tempera¬ 
ture (or any other phase intensive property) is independent. In the case 
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of three phases of a pure substance, F = 0; hence, no intensive property 
of a phase can be varied. A more impressive deduction is that the maxi¬ 
mum number of phases of a pure substance that can coexist in equilibrium 
is three, a result evident in Fig. 9-2. The importance of the phase rule 
is mainly apparent when more than one component is present; thus, the 
phase rule predicts that four phases can exist in equilibrium for a system 
of two components. 

9-3. Definitions. At the risk of some duplication a number of new 
conditions will be defined here. 

Limit ef, abd, c of Fig. 9-2 is the vapor-pressure curve. 

Liquid in equilibrium with vapor is saturated liquid. 

Vapor in equilibrium with liquid is saturated vapor. 

Liquid at a lower temperature than the saturated liquid at the same 
pressure is called suhcooled liquid (state n). 

Vapor at a higher temperature than the saturated vapor at the same 
pressure is called superheated vapor or gas (states s, t, u', and y). 

When a phase change occurs from the solid directly to the gas phase, 
the process is called sublimation. The heat required to effect this change 
(at constant pressure and temperature) is called the latent heat of sublima¬ 
tion. Similarly, the heat required for a phase change from solid to liquid 
at constant pressure and temperature is called the latent heat of fusion, 
while the heat necessary to vaporize liquid into gas at constant pressure 
and temperature is called the latent heat of vaporization. The term latent 
heat is used because no rise in temperature accompanies the transfer of 
heat during a phase change. 

9-4. The pv Diagram. A diagram of pressure and specific volume 
(Fig. 9-3) can be obtained by projecting all points of Fig. 9-1 over to the 
pv plane. The regions L, and G correspond to the phases indicated 
by the same letters in Fig. 9-2. The triple point on the pressure-volume 
diagram is a line, while the phase boundaries of Fig. 9-2 become areas. 
Since the phase change from solid to liquid is marked by a decrease 
in volume (for water), the liquid region in a plane diagram lies to some 
extent under the solid-liquid region (ahgh). 

Figure 9-3 illustrates that, for temperatures above the critical tem¬ 
perature, compression of a gas (without cooling) will not cause the 
appearance of two phases signifying condensation to the liquid state. 
Because of this, it is often stated that a gas with temperature above the 
critical temperature cannot be liquefied by compression. It would be 
better to say that a liquid and a gas cannot be distinguished from each 
other under these conditions. 

The paths nopqrstuvn and uvwxyu'u are reproduced on this diagram. 

9-6. The Two-phase Mixture. The relative amounts of each phase 
that are present in a two-phase mixture depend on the quality of the 
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mixture. The quality of a two-phase mixture is equal to the ratio of the 
mass of vapor to the total mass of mixture. Although defined as a ratio, 
it is frequently used as a percentage. Saturated liquid is zero quality or 
100 per cent moisture. Saturated vapor is 100 per cent vapor and 0 per 
cent moisture. A (luality of 0.60 signifies that the mixture consists of 



ODI602 0.01747 3306.0 

Specific volume, fr Ibm 

Fk;. 9-3. pv diagram for water (not to scale). 


60 per cent vapor and 40 per cent liquid. The letter x will be used to 
designate the quality, 

_ mass of vapor 
mass of mixture 

Since the pound mass will be the usual unit, 

1 Ibm mixture of x quality = x Ibm vapor + (1 ~ x) Ibm liquid (a) 

The specific^ values (that is, values for 1 Ibm) for the extensive properties 

t These specific values should not be called intensive properties; else the phase rule 
(for one matter) becomes unintelligible. 




PROPERTIES OP THE PURE SUBSTANCE 145 

of volume, enthalpy, entropy, and others can be determined by Eq. (a) 
for the mixture. (The state of saturated liquid is denoted by the sub¬ 
script / and that for the saturated vapor by the subscript g.) 

quality* XVg + - x)Vf 

hx = xhg + (1 — x)hf (h) 

Sx = XSg + (1 — x)Sf 

The change in these properties during the phase change is shown by the 
subscript fg, or 

hg hf - ^fo ^0 ^0 — ^/o (^) 

Equations (b) [by the use of Eqs. (c)] can be converted to 

Vx = V/ + xv/g hx — hf + xhfg Sx = 8f + xSfg (9-2) 

Thus by introducing specific values for the mixture of phases, continuous 
functions can be established for the specific properties of the heterogene¬ 
ous system; therefore, such systems can be treated as if they were 
homogeneous. 

9-6. The Ts Diagram. A diagram of temperature and entropy for a 
pure substance would resemble Fig. 9-4. Here the solid, solid-liquid, and 
liquid regions are quite compact since these phases are relatively incom¬ 
pressible. Note that the state of a subcooled phase (for example, sub¬ 
cooled liquid g, Fig. 9-4) will apparently be on a saturation line because 
of the proximity of the lines of constant pressure. When the subcooled 
liquid is heated at constant pressure, its temperature rises and the state 
changes at constant pressure (gh) to the saturation temperature {h). 
Continued heating at constant pressure causes a change from the satu¬ 
rated liquid state (/i) to a two-phase state (i), then to the saturated vapor 
state ij) and, finally, to a gas or superheated vapor state {k). 

On the other hand, if the liquid has a pressure greater than the critical, 
it can be raised in temperature without the appearance of two phases to 
achieve a state such as 1. An interesting feature of water is that all the 
constant-pressure lines cross at 39®F. Thus, the properties of tempera¬ 
ture and entropy cannot identify the state at this temperature, and also 
isentropic compression of the liquid does not change the temperature. 

The behavior of the constant-pressure lines can be predicted from two of the Max¬ 
well equations (Art. 8-1), 

dpjT “ dT/p dp), ds)p 

Water is one of the few substances that expand upon freezing.! Thus, when water 
is cooled at constant pressure, it reaches a state of maximum density at 4°C; continued 

t Because this characteristic is displayed by a few substances and not, say, by half 
of all substances, the saying of Einstein on statistical methods is often stated as: 
“I do not believe in a dice-throwing God.” 
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cooling results in expansion. The state at 4°C of maximum density requires that 
dv/dT be zero; then ds/dp is also zero, and the lines of constant pressure cross each 
other. 

If the volume of the solid or liquid phase increases with increase in temperature at 
constant pressure (usual), 

- negative 
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tntropy, Btu/(lb/w)(®F) 


Fig. 9-5. As (Mollier) diagram for steam. 

Hence, higher pressures are at lesser entropy (for the same temperature). (From 
4®C down to the triple point, the inverse characteristic is displayed by a few sub¬ 
stances, such as water.) 

Upon melting at constant pressure, the volume can increase (usual), be zero, or 
decrease (water, for example); it follows that 

dT\ 

— ) * positive, zero, or negative 
op/8 

Hence, the constant-pressure lines in the solid-liquid region can have higher pressures 
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accompanying higher temperatures, or all the constant-pressure lines can coincide, 
or higher pressures can accompany lower temperatures (Fig. 9-4, for example). 

9-7. The hs Diagram. A convenient diagram of properties for the gas 
and gas-liquid mixtures of a substance is the enthalpy-entropy diagram 
(Fig. 9-5) proposed by and named after Moilier. Studying Fig. 9-5, note 
that constant-pressure lines incline upward and to the right and that 
within the two-phase region they are also lines of constant temperature. 
From the saturated-vapor line originate curved isothermals that have a 
decreasing slope as the amount of superheat increases (as the vapor 
approaches the ideal state). Lines of constant superheat and lines of 
constant moisture are approximately perpendicular to the constant- 
pressure lines. 

9-8. Property Data. The properties of a substance are presented in 
either tabular or graphical form. Study will be made of the following 
representative data: 

1. Steam Tables and Moilier Diagram (Tabic B-4 and Fig. B-6): 

(а) Steam Tables 1 and 2 include the properties of saturated liquid and saturated 
vapor, and therefore the two-phase region of liquid-vapor can be calculated. 
The difference between the two tables lies in the primary independent variable: 
temperature for Steam Table 1 and pressure for Steam Table 2. 

(б) Steam Table 3 is for the superheated vapor. 

(c) Steam Table 4 is for the subcooled liquid. 

The datum for enthalpy and entropy is arbitrarily designated to be the state of the 
saturated liquid at 32°F. 

2. Mercury Tables (Table B-5): 

The data are for the saturated liquid and the saturated vapor and therefore include 
the properties of two-phase mixtures of liquid and vapor. The datum of zero 
enthalpy and zero entropy is the same as for the Steam Tables. 

3. Dichlorodifluoromethane Tables {Freon, F-12) (Table B-14): 

The data are for the saturated liquid and the saturated vapor and, also, for two 
superheat states at each of the given saturated pressures. 

4. Ts Diagram for Carbon Dioxide (Fig, B-3): 

The data include portions of the solid, liquid, two-phase solid-vapor and liquid- 
vapor, and superheat region. 

5. ph Diagram for Methyl Chloride (Fig. B-4): 

The data include portions of the liquid, vapor, two-phase liquid-vapor, and super¬ 
heat region. 

It should be carefully noted that the number of significant figures in the various 
tables and graphs may be an indication of the internal consistency of the data, but it 
usually is not an indication of the accuracy of the data. Note that the assignment of 
an over-all accuracy or a percentage deviation to a chart or a table is not possible 
since the data in certain regions may be remarkably precise and in other regions 
extremely inaccurate (and the true values of the data are unknown). In general, 
property data from reputable laboratories are accurate to within 1 per cent. Tlie 
main body of the Steam Tables because of their long history is probably more accurate 
than this figure, possibly of the order of one-fifth of 1 per cent. 
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In the examples below, the calculations are performed without regard to the 
accuracy of the data, and the number of significant values depends upon the particular 
table or graph. 

Example 1. Find the internal energy of 1 Ibm of saturated water at 32°F. 

Solution. From Steam Table 1 (Table B-4), 

hf * 0.00 Btu/lb,„ V = 0.08854 psia Vf = 0.01602 ftVlb^ 

And by definition of enthalpy (Art. 2-11), 

u = h-^ =0.00- 0.p8854(144)|0 , 0 16 02) ^ Btu/ll.„ An*. 

J 778.lb 

The minus sign is a consequence of the arbitrary datum assigned to enthalpy. 

Example 2. Determine the change in entropy of methyl chloride from saturated 
liquid to saturated vapor at a constant pressure of 40 psia. 

Solution. Figure B-4 does not show values of entropy for the saturated liquid. 
However, with Eq. (7-46) and Fig. B-4, 

“ ^]tp “ Btu/(lb„)(°R) An*. 

Example 3. Determine the specific enthalpy of a liquid-vapor mixture of Freon, 
F- 12 , if the quality is 35 per cent and temperature 18°F. 

Solution. From Table B-14 

hf == 12.12 hg - 80.27 or h/g =» 68.15 Btu/lbn» 

Hence, by Eqs. (9-2), 

6 « 6 / + xhfg = 12.12 -h 0.35(68.15) « 36.0 Btu/lb;„ 

Example 4. Calculate the heat required to raise the temperature of the mixture 
in Example 3 to 55.5°P^ in a reversible constant-pressure process {AKE, APE — 0). 

Solution. A temperature of 55.5°F is equivalent to a superheat of 37.5°F. Linear 
interpolation of Table B-14 yields h - 85.68 Btu/Ibm. Then, by Eq. (6-46), 

A^rev «« 62 — hi]p^c ** 85.68 — 36.00 = 49.68 Btu/lb,„ Ans. 

Example 6 . Carbon dioxide at 1,460 psia and 135°F expands isentropically to 
700 psia. Determine the enthalpy and quality. 

Solution. Locate the initial state on Fig. B-3, and proceed at constant entropy to 
p ■■ 700 psia (vertically downward). Read from the chart 

h » 120 Btu/lb,„ X » 0.83 Ans. 

Example 6 . How much heat must be transferred to 1 Ibn, of steam in a constant- 
volume container to raise the pressure from 144 to 150 psia? The initial temperature 
is 360°F. 

Sobition. From Steam Table 3 for the initial conditions, 

Pi - 144 psia h « 360°F Vi » 3.160 ftVlbm hi = 1196.5 Btu/lb« 

The heat added at constant volume is equal to the change in internal energy [Art. 4-3a 
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and Eq. (4-4d)]. Since this property is not listed in Steam Table 3, it must be com¬ 
puted in the manner illustrated in Example 1, 

u, = fti - = 1196.5 - = 1112.2 Btu/lb„ 

The volume and pressure at the end of the process are known; hence, interpolation can 
be made in Steam Table 3 between temperatures of 380 and 390°F at a pressure of 
150 psia to find =* 1211.4 Btu/lbm- Solving for internal energy gives 

= 1211.4 _ l . ^(l^)3:160 ^ ^23 6 g^u/lb^ 

77o.lo 

and A^rev.r-c - 1/2 — wi = 1123.6 — 1112.2 = 11.4 Btu/lb„, Ans. 

Example 7. Water is isentropically compressed in a flow process from the satu¬ 
rated state at 100°F to a pressure of 1,000 psia. How much work is required? How 
much work is required if the efficiency of the pump is 60 per cent (of the reversible 
value)? 

Solution. An approximate method can be used fqr problems of this type. The 
work of a reversible steady-flow process {aKE, APE ■= 0), by Eq. (6-3r), is 

AWrcy = — jv dp = !p dv — AFE 

Since the volume does not change greatly, 

. / N 0.01613(144)(1000 - 0.9) , 

Aw^rev « -vip 2 - Pi) ^ ~ -^7^6-^ Btu/lbm Ans. 

But this same equation can be obtained by assuming that the work is necessary only 
to increase the flow energy of the fluid. The small amount of work spent in com¬ 
pressing the liquid was noted in Art. 5-8r/, 

Au>™„,p = Jp di) « p.v (0.000051) ( 77 ^“*,^) = 0 005 Btu/lb.„ 

Hence, the work supplied to the usual liquid pump is used to increase the flow energy 
of the fluid, and only a negligible portion of the work is used to compress the fluid. It 
can be concluded that the temperature change from isentropic compression is also 
negligible in most cases. The efficiency of the actual pump is 60 per cent; then the 
work required is 


or 


^pum p 


Aie»ctu«i — 


__ ideal work _ Atei»en 
actual work Aie»ptuRi 

= -5 Btu/lbn, Ans. 


Hence, for the actual pump the enthalpy of the liquid will also be increased because of 
friction and turbulence. This heating effect will cause a pronounced rise in tempera¬ 
ture when compared with the temperature rise of the reversible pump. Noting that 
the heat capacity is closely 1 Btu/(lb,„)(°P’) and that 2 Btu/lbn, of energy is dissipated 
in t\irbulence, 

At « 2°F or f 2 actual « 102°F 


Example 8. Water at a temperature of 100°F and a pressure of 1,000 psia is to be 
heated in a steady-flow process to the state of dry saturated steam at the same pres¬ 
sure. How much heat must be transferred? 

Solution. For the liquid phase, Steam Tables 1 and 2 give only saturated values. 
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However, the enthalpy of subcooled water at the state given in this problem corre¬ 
sponds to that of Example 7. From this example, 

Pa * 1,000 atm ta « 100°F 

K « + l-iu’-cl - 67.97 +3-71 Btu/lb„ 

From Steam Table 2, 

Pc = 1,000 psia tc * 544.61‘’F K = 1191.8 Btu/lb„ 

For this steady-flow process, Eq. (5-7d) shows that 

Agrev = he — ha 1120.8 Btu/lb« Ans. 

The area representing this quantity of heat is laid out in Fig. A as a'abcc'. 


100*F 


Locus of saturated 
liquid states 

h^iOOOpsio 


Usually j ^Saturated 
negligible / liquid at 
I / 1,000psia 

— T—T I, , - ’Saturated 
T liquid of 

► 0S492psia 




Saturated 
¥opor at 
lOOOpsio 


a y ^ c" 

Fig. a. Constant-pressure heating process (at p =* 1,000 psia). 


Example 9. Steam at a pressure of 144 psia and a temperature of 400°F enters 
a turbine and leaves at a pressure of 3 psia under conditions of steady flow. How 
much work is delivered (a) if the process is adiabatic and reversible and entering 
and leaving kinetic energies are negligible, (b) if the turbine is irreversible and only 
70 per cent of the isentropic work is obtained? 

Solution, (a) The work done by a steady-flow system under these conditions is 
(Art. 5-8e) 

Aw^rev “ (^1 ^2)i*en 

The properties of the steam entering the turbine are obtained from Steam Tabic 3, 

hi = 1220.4 Btu/lb,a Si « 1.6050 Btu/(lb,n)(°R) 

At exit, the known properties, are 

Si * 1.6050 Btu/GbmX^R) P 2 “ 3 psia 

Inspection of Steam Table 2 shows that for this value of entropy the steam must be a 
two-phase mixture. The quality must be calculated from Eqs. (9-2), 

52 “ Sf “ 1 “ X8/g 

(Values of 5/ and s/g are obtained from Steam Table 2, while 82 is known.) 


1.6050 = 0.2008 -h a:(1.6856) x = 0.835 
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Since the quality is known, the enthalpy can be calculated, 

/i 2 = + xhfg * 109.37 -f 0.835(1,013.2) - 956.4 Btu/lbm 

and the work can be found from the change in enthalpy, 

AWrev ^ h\ — hi ^ 1220.4 — 956.4 =» 264 Btu/lb,n Ans. 

This problem is greatly simplified by use of a Mollier diagram. The initial conditions 
can be located on this chart as shown in Fig. 9-5 for the data of this example. From 
the initial state to the end state is a process at constant entropy, and therefore follow¬ 
ing a vertical path from point 1 down to the known pressure line enables the enthalpy 
of state 2 to be read directly from the ordinate without calculation for the quality. 

(6) The irreversible process will deliver 

^w = 0.70(264) - 184.8 Btu/lb^ Ans. 

The final state of the steam can also be located on the Mollier diagram since the pres¬ 
sure and enthalpy are known, 

hi' ^ hi — Aw — 1220.4 — 184.8 = 1035.6 Btu/lb,n and p =* 3 psia 

9-9. The Throttling Calorimeter. Although the state of a one-phase 
system is completely described by measuring the independent properties 
of temperature and pressure, for a two-phase system temperature and 
pressure are no longer independent and some other property such as 
enthalpy or internal energy must therefore be measured before the state 

can be determined. However, meas¬ 
urements of the intensive properties 
of temperature and pressure are more 
easily and more precisely made than 
measurements of extensive properties; 
hence, it is preferable to devise a 
means to use these intensive properties 
as indicators of the state of a two-phase 
system. In Fig. 9-6 are shown the 
elements of a Mollier diagram, and 
point a represents the state of a two- 
phase system. The pressure and tem¬ 
perature of a do not determine the 
state because any other state such as 
X would have the same values for these properties. Now, if the fluid 
at state a passes to state 5 by a process that begins and ends at the same 
enthalpy, state h is defined by pressure and temperature alone because only 
one phase will be present. Then state a can be found from calculation 
because the enthalpy at a is equal to that of 6, and this property along 
with the independent property of pressure (or temperature) determines 
the state of a two-phase system. 



Fig. 9-6. Throttling (calorimeter) 
process on the hs diagram. 
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The procedure is to use a throttling calorimeter (Fig. 9-7). Here a 
sampling tube s is inserted into a vertical pipe wherein (preferably) the 
flow is downward, t A representative sample of the fluid enters the tube 
and the calorimeter with negligible velocity and expands through an 
orifice o to the outlet pressure (usually atmospheric). In passing 
through the orifice, enthalpy decreases and kinetic energy increases. 



But when the kinetic energy is dissipated in turbulence, the initial 
enthalpy is regained, as can be seen from the steady-flow equation, 

Aq- Aw = {h - /la) + + ^{Z,- Z„) (5-7d) 

^Qc dc 

For the over-all process, heat and work are zero while changes in potential 
and kinetic energies are negligible. Therefore, 


/i<j “* hif 


(9-3) 


t This does not disturb the distribution of the water particles in the vapor to as 
great a degree as other positions of the pipe. 
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If the heat loss is not zero, the calorimeter must be calibrated (by test at 
a known quality) and a normal correction calculated. The normal cor¬ 
rection is expressed as the number of degrees that must be added to the 
observed exit temperature to compensate for the heat loss. With this 
correction, the data from the calorimeter are and pb (Fig. 9-6), and 
therefore h can be found from the superheat tables for the substance. 

Throttling calorimeters are limited in use since it is essential that the 
vapor leaving the calorimeter be superheated (at least 5° to avoid mis¬ 
leading results). 

Example 10. Steam under a pressure of 150.psia enters a throttling calorimeter 
and emerges as superheated steam at atmospheric pressure with a temperature of 
300®F. What is the quality of the wet steam? 

Solution. The state of the steam at the outlet from the calorimeter can be deter¬ 
mined from Steam Table 3. 

Measured: pb = 14.696 psia (atmospheric pressure) h *= 300°F 

From Steam Table 3, h — 1192.8 Btu/lbm 

The initial state of the steam is identified by 

Pa - 150 psia ha = 1192.8 Btu/lbm 
Steam Table 2 yields the saturated-liquid and -vapor values for 150 psia, 

hf - 330.51 Btu/lbn, hf, = 863.6 Btu/lb^ 
and ha = h/ xh/g 

1192.8 = 330.51 -h a:(863.()) 

X = 0.998, or 99.8% Ans. 

The steam in the two-phase region is essentially dry. 

The easier solution is to use the Mollier chart of the Steam Tables (Fig. B-6). On 
this chart, the final conditions of pressure and temperature can be located in the vapor 
region (as in Fig. 9-6). Tracing a path of constant enthalpy from this point to the 
constant-pressure line of 150 psia locates the initial state in the two-phase region, and 
the quality can be directly read from the chart. 


PROBLEMS 

The following points should be borne in mind in solving the problems: 

1. A diagrammatic sketch of the system must be drawn showing the boundaries and 
the following: 

(o) Whether a closed or a steady-flow system 

(5) Initial and final properties 

(c) All transfers of heat, work, and mass 

(d) All other given data (v « T, s = C, aQ = 0, etc.) 

2. The appropriate First Law energy equation, valid for reversible or irreversible 
processes [Eq. (4-4d) or (5-7d)], should be used as the initial step in solutions for work 
or heat transfers. 
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Determine from the data whether or not the process is reversible, and use this 
knowledge in the solution of the energy equation. 

3. The T ds equations [Eqs. (7-4)] should be used as the initial step in solutions not 
involving work or heat transfers. 

4. Note especially whether the initial and final states can be identified (recall that 
two properties usually identify the state). In most problems, only one property is 
apparently given for either the initial or the final state. Here the wording of the 
problem must be carefully studied to find the missing data. For example, a reversible 
adiabatic process dictates that «i *» 82. 

5. Always illustrate the process on the appropriate property diagram {Ta, ha, ph 
or pv, etc.) since in constructing the diagram the solution may become obvious. 

1. Why do not the properties of pressure and specific volume define the state of a 
mixture at the triple point? 

2. Explain the differences between the triple point and ice point. 

8 . For the traverse or cycle made in Fig. 9-1, list the proper name for each process. 

4. Between states v and u in Fig. 9-1, the amount of saturated vapor increases from 
0 to 100 per cent. Do the characteristics of this vapor change as the amount increases? 

6. (a) If steam has a quality of 0.8 and pressure of 100 psia, find the specific values 
for volume, enthalpy, and entropy. 

(6) Repeat, but use mercury as the fluid. 

6. One pound of steam at a pressure of 100 psia is confined in a closed tank with a 
volume of 4 ft^. Determine the quality, enthalpy, and entropy. 

7. If the steam in Prob. 6 is to be heated until the temperature is 500®F, how much 
heat must be added? 

8 . If the steam in Prob. 6 is heated in a cylinder at constant pressure to 500°F, how 
much heat must be added? 

9. Find the mean heat capacity of superheated steam at constant pressure from the 
saturated state at 160 psia to 500®F. Repeat, using the range from 400 to 500°F. 

10. (a) Saturated water at 100°F enters a pump and is reversibly pumped to 600 
psia without transfer of heat. How much work is done by the pump? 

(6) If the pump is only 60 per cent as efficient as a reversible pump, how much work 
is done? 

(c) What is the approximate enthalpy of the fluid leaving the irreversible pump? 

11. If water from the pumps of Prob. 10 enters a boiler where it is evaporated into 
dry saturated steam that leaves at a pressure of 600 psia, find the heat transferred for 
both cases. 

12. Saturated water is isentropically pumped in a flow process from 100°F to a 
pressure of 800 psia. Find the work necessary for this process. 

13. Feedwater enters a steam boiler at 120°F while the steam leaves at 1,000 psia 
and 98 per cent quality. Find the heat transferred. 

14. (o) A pound of saturated steam at 250 psia pressure is cooled at constant 
volume until its pressure falls to 100 psia. Determine the amount of heat transferred 
and the change in entropy. 

(6) Repeat, using carbon dioxide as the fluid. 

16. Three pounds of steam is processed in a closed and rigid container from pi « 
14.7 psia and h -» 300®F to <2 =* 100°F. Find p2, AQ, and AW, and sketch pv and Ta 
diagrams for the change. 

16. Water, at the rate of 1,000 Ibm/min, is to be heated from 60 to 200°F in a feed- 
water heater (water passes through coils surrounded by steam). The exhaust steam 
passing round the heater coil is at a pressure of 15 psia and contains 10 per cent mois¬ 
ture and leaves as saturated water. 
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(a) How much steam is required per hour? 

(h) What is the change in entropy for the steam and for the water? 

(c) Sketch Ts diagrams to illustrate the processes experienced by the liquid and the 
vapor. 

17. In the inlet pipe to an ideal turbine, the steam is at a pressure of 160 psia and a 
temperature of 400°F. The exhaust is at 80®F, while the rate of steam flow is 1,200 
IbmAr- 

(a) Determine the work done per pound of steam. 

(h) Calculate the horsepower developed. 

18. (a) Saturated steam at 150 psia enters a long pipe and leaves with a pressure of 
H4 psia. If no heat is lost by unavoidable radiation, etc., find the quality of the 
steam at exit. 

(6) If 10 Btu of heat is lost per pound of steam by radiation, etc., what will be the 
quality? 

19. (a) Steam at 100 psia and 60 per cent quality receives 350B tii/lbn, of heat, 
while the pressure remains constant. Determine the resultant properties of the steam. 

(6) Repeat, but use methyl chloride as the fluid and add only 50 Btu/lb m of heat. 

20. (a) A container with volume of 10 ft^ contains saturated steam at 100 psia. 
Determine the mass of steam within the tank. 

(h) Repeat, but use methyl chloride as the fluid. 

21. (a) Saturated steam at 100 psia enters a perfeett turbine and expands isen- 
tropically to 5 psia. Find the work done by the turbine. Check the calculations 
using a Mollier chart. 

(6) Determine the final state of the steam if the work obtained from an adiabatic 
but irreversible expansion process is only 80 per cent of that determined in (a). 

22. Repeat Prob. 21, assuming that the limits are 160 to 5 psia and 500 to 60°F, 

28. (a) Repeat Prob. 21, assuming that the limits are 100 psia (saturated) to 1 psia. 

(b) Repeat, using mercury as the fluid. 

24. (a) Saturated steam expands in a perfect nozzle from 150 psia to 60®F. Find 
the exit velocity if the initial velocity is negligible. Check the computations, using 
a Mollier chart. 

(b) Repeat, using Freon, F-12, as the fluid. 

26. Determine the heat that must be transferred to water initially at 60°F if the 
final temperature is to be 300°F and the process passes through a continuous series 
of saturated states (graphical solution). 

26. (a) Steam at 100 psia and 96 per cent quality is throttled to atmospheric pres¬ 
sure. Find the temperature after throttling. Check the computation, using a 
Mollier chart. 

(6) Repeat, using methyl chloride as the fluid. 

27. Steam at 150 psia is throttled to atmospheric pressure with consequent tem¬ 
perature of 230°F. What was the quality of the steam before the expansion? (Check 
computations, using a Mollier diagram.) If the normal correction is 5°, what will be 
the quality? 

28. Repeat Prob. 27, but assume that the initial pressure is 100 psia. 

29. Repeat Prob. 27, but assume that the initial pressure is 50 psia. 

80. If saturated water at 150 psia were throttled to atmospheric pressure, what 
would be the final quality? 

81. (a) Dry (saturated) steam at 100 psia enters a turbine and is throttled to 50 psia 
in the steam chest. Find the properties of the steam in the steam chest. 

(b) Repeat, but use Freon, F-12, as the fluid. 

82. The pressure in a steam calorimeter similar to that in Fig. 9-7 is 4 in. Hg above 
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the atmospheric pressure. For steam initially at 100 psia, find the quality if the 
temperature in the calorimeter is 225°F. 

33. For conditions similar to those of Prob. 32, the normal correction is 5®F, while 
the flow of steam is 1 Ibm/sec. How much heat is lost per pound of steam by radia¬ 
tion, etc.? 

34. Steam at 150 psia and 500°F is isotherm ally and reversibly expanded in a 
cylinder until the pressure is 100 psia. Determine the work and heat transfers for this 
process of a closed system. 

36. (a) Steam at 150 psia and 500°F is expanded in a perfect nozzle to 3 psia. Find 
the final velocity if the initial velocity is 30 ft/sec. 

(b) The high-velocity stream is slowed down in a perfect diffuser until the pressure 
is 100 psia. Determine the condition of the steam leaving the diffuser. 

36. Saturated steam at 180 psia and 30 ft/sec velocity undergoes an irreversible but 
adiabatic steady-flow process to a pressure of 100 psia, quality of 98 per cent, and 
final velocity of 10 ft/sec. (a) Determine the work transferred and the change in 
entropy, (h) Repeat, using mercury as the fluid. 

37. Repeat Prob. 36, but assume that the process is reversible and that the final 
conditions are 100 psia and unknown quality. 

38. Carbon dioxide at 100 atm pressure and 660°R is isentropically expanded to 
10 atm pressure. Find the change in enthalpy, the work, and the quality. 

39. Carbon dioxide at 30 atm pressure and 500°R expands in a throttling calorimeter 
to a pressure of 1 atm. What will fcup fbe final temperature? 

40. Steam at 5,3 psig and 300°F enters a steam-heating radiator in a room. The 
liquid leaving the radiator is saturated. Determine the steam required in pounds per 
hour if the heat exchange between the radiator and room is 15,000 Btu/hr. 

41. Methyl chloride flows through a superheater at the rate of 1,000 Ibm/hr. At 
entrance to the heater, p = 200 psia, x = 100 per cent; at exit from the heater, 
p = 180 psia, and t = 250°F. Determine the heat transferred, and show the process 
on pv and 7's diagrams. 

42. Steam flows through a nearly closed valve in a horizontal insulated pipe of 10 in. 
ID. Upstream from the valve the pressure is 400 psia; downstream the pressure is 
50 psia, and the temperature is 300°F. ' The flow rate is 6.97 Ib^/hr. Determine the 
transfers of heat and work, the initial temperature, and the change in entropy, and 
show the process on pv and Ts diagrams. 


Complementary problems for the integrated course 

43. Determine the thermal and over-all efficiencies for a Carnot-cycle power plant. 
Heat is added to saturated liquid at 500 psia with saturated steam from the boiler 
delivered to the turbine. Heat rejection is at 80° while the furnace efficiency is 75 per 
cent (Art. 8-4). 

44. Upon test of the cycle of Prob. 43, the real adiabatic turbine delivered only 
85 per cent of the isentropic work, while the real adiabatic pump required double the 
isentropic input work (the flow from the pump is saturated liquid, as before). Calcu¬ 
late the thermal and over-all efficiencies for the power plant. 

46. Repeat Prob. 43 but for a Rankine cycle and therefore with an improved 
furnace efficiency, say 85 per cent. (Heat is now added to subcooled liquid at about 
80°F.) 

46. Repeat Prob. 44 for the Rankine-cycle data of Prob. 45, noting that the begin¬ 
ning of heat addition is now at a slightly higher temperature. 

47. Summarize the data of Probs. 43 to 46 in a table. 
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48. Calculate the loss of available energy for the turbines and pumps of Probs. 44 
and 46 (see Art. 12-2). 

49. Calculate the loss of available energy for the process of Prob. 16. 

60. Calculate the loss of available energy for the process of Prob. 18. 
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CHAPTER 10 


THE pvT RELATIONSHIPS 

W hen the state is most corrupt 
then laws are most multiplied. 

Tacitus (100 a.d.) 

In formulating a relationship among pressure, yolume, and tempera¬ 
ture, the microstructure of matter and the macroscopic behavior should 
be considered. By so doing, a theoretical form can be proposed for the 
Equation of state and the theory tested by observing the agreement of the 
equation with experimental data. In general, a separate equation of 
state is required for each phase of matter (Art. 2-12). 

The atoms of the solid are closely packed {order rather than disorder) 
and held together by attraction forces; the liquid phase allows more 
freedom (more disorder) for molecular displacement (and therefore 
liquids are slightly more compressible than are solids); the molecules 
of a gas are much farther apart (most disordered state) (and therefore the 
compressibility of gases is many times that of solids or liquids). The 
molecules of the gas have kinetic forms of energy arising from motion 
and also potential energy arising from intermolecular forces. When the 
molecules are apart, the intermolecular force is a weak attraction which 
rises slowly to a maximum as the molecules approach each other; with 
further approach, the attraction decreases and turns into a repulsion; 
the repulsion increases rapidly as the molecules come together. As the 
density of the gas is decreased, the effects of the intermolecular forces are 
minimized and therefore a limiting condition is approached by real 
gases where the behavior is unaffected by the presence of other mole¬ 
cules. Since all gases can approach this common limit, it is considered 
to be an ideal or perfect state (Art. 3-5). 

10-1. Requirements for the Equation of State. An equation of state 
serves two purposes: 

1. The equation is the means for directly calculating one of the three 
properties of pressure, specific volume, and temperature. 

2. The partial derivatives of the equation are the means for calculating 
other property data (Chap. 8). 

Recall that the partial derivatives of pressure, specific volume, and 
temperature correspond to certain slopes on the pvT surface. Thus, the 
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equation of state should portray the experimental pvT data, and it 
should also portray the contours of the experimental pvT surface. Since 
equations are never exact, the equation of state may be quite precise in 
predicting, say, a value of pressure and yet be far in error in predicting a 
partial derivative of pressure. Consider that the effect of isothermal 
compression on internal energy is given by the equation (Art. 8-1) 

- '■]* 

Hence, the evaluation of internal energy depends upon precise values 
of the pressure and also on precise values of the partial derivative of 
pressure with respect to temperature. 

A three-dimensional surface of the pvT properties is not a convenient 
tool; hence, the behavior of the real fluid is shown by plotting values of 
the ratio pv/RT on a diagram in the manner of Fig. 10-1. Observe that, 
as pressure approaches zero, the gas app^'oaches the ideal state 
{pv/RT 1) at all temperatures. Consider the critical isotherm 
starting from p = 0, pv/RT = 1, the isotherm drops rapidly to a value 
of about pv/RT = 0.3 at the critical point. It can be surmised that, 
when pv/RT is less than unity, attraction or cohesive forces between 
molecules are predominant and thus the volume of the gas is less than the 
ideal value. As the pressure is increased above pc, however, the critical 
isotherm rises and at high pressures the close proximity of the molecules 
brings into play repulsion forces to cause the volume to be greater than 
the ideal value {pv/RT > 1.0). 

At temperatures below the critical {T = 0.97'c, for example), the 
isotherms descend from pv/RT — 1 and pass through the two-phase 
region of liquid and vapor, and then the liquid isothermals rise and cross 
the critical isotherm. At temperatures above the critical, such as 
T = 1.27'c, the isotherms must also cross the critical isotherm since the 
numerical order of the isotherms at high pressures is the progression 
shown in the upper right of Fig. 10-1. Hence, the critical isotherm is not 
a lower boundary to the diagram. At rather high pressures the orderly 
progression of the isotherms shows that raising the temperature causes 
the fluid to approach the ideal state, pv/RT 1. 

At low temperatures, the isotherms approach zero pressure with nega¬ 
tive slopes, and as the temperature is raised, the slopes decrease toward 
zero. The isotherm of zero slope at zero pressure is called the Boyle 
isotherm {T ~ 2.5Tc). At temperatures above the Boyle isotherm, the 
slopes of the isotherms at zero pressure are positive and increase numeri¬ 
cally to a maximum near bTc. At temperatures greater than this, the 
slopes of the isotherms progressively decrease but never become negative. 
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Thus, the ratio pv/RT is always greater than unity at temperatures above 
the Boyle isotherm. The isotherm T = 5Tc is not an upper boundary 
since it is progressively crossed by isotherms of lower temperature 
to achieve the order shown in the upper right of Fig. 10-1 (nor is the 
critical isotherm the lower boundary since it is crossed by higher- and 
lower-temperature isotherms). 

Because of the crossings of the isotherms, an increase in temperature 
at constant pressure does not always bring the gas closer to that of the 
ideal state. Consider process ab of Fig. 10-1. Here, as temperature 
increases, pv/RT also increases to exceed the value of unity. This 
trend continues to about 47'c and then reverses: raising the temperature 



J'lc;. 10-1. Deviations of a real ^as from ideal beliavior (not to scale). 


causes pv/RT to decrease and approach 1 as its limit (note the isotherm 
T = 207’,). 

The equation of state in portraying the behavior of Fig. 10-1 should 
yield isometrics (constant volume or density) similar to those in Fig. 10-2. 
For an ideal gas, the isometrics would be straight lines originating from 
the origin and with slope proportional to the density. For the real gas, 
the isometrics are displaced from the origin and are either straight or 
slightly curved: 

1. The isometrics are straight at low densities, at or near the critical 
density, and also at about twice the critical density. 

2. The isometrics are straight at high temperatures. 

3. The isometrics have negative curvature (convex upward) at medium 
densities and at very high densities. 
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4. The isometrics have positive curvature in the region from critical 
to about twice the critical density. 

Figures 10-1 and 10-2 illustrate that, if the ideal-gas equation of state 
were to be used for the real gas, it would be quite exact if the density were 
low and, most probably, quite inexact at high densities. It is evident 
that an exact equation of state is highly desirable but that an equation 
able to follow precisely the entire complex patterns of Figs. 10-1 and 10-2 
will be difficult, if not impossible, to find. Fortunately, most problems 
involve only a small region of the poT domain, and therefore a relatively 



o.e;^ y.oTc ^Arc i.e;^ 

Temperoture 


Fig. 10-2. Isometrics of a real gas (curvatures of p = (' lines slightly exaggerated). 


simple equation of state may be satisfactory. (And the automatic 
computer may change this entire chapter by quickly handling elaborate 
equations of state, of form not yet known.) 

10-2. The van der Waals Equation. An equation of historic impor¬ 
tance is that proposed by van der Waals in 1873 to overcome, in part, the 
deficiencies of the ideal-gas equation. A perfect gas has point molecules; 
therefore, the length of path between collisions with the enclosure is 
not changed by the presence of the molecules themselves. Actually, 
in the real gas as more and more molecules are present in a volume 
(as the density is increased), the number of times a molecule will strike 
the walls will be increased and a greater pressure will be exerted. Van 
der Waals premised that the increased pressure would be inversely pro- 
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portional to the actual volume, that is, to the free space, when allowance 
wasTnaJe for the finite sizeUnd number of molecules: 

Ppcrfect _ actual volume _ v — h ^ 

Partuai total volume v 
V — b 

Pperfect ~ P ~ 

But also Pperf«ct = 

and therefore p = 

^ V — b 


where b is a constant for each gas. 

The second basic characteristic of the perfect gas is that the molecules 
are neither attracted nor repulsed by the other molecules present. In 
the real gas, a force field exists around the molecule. As the density 
increases, the molecules approach closer to each other, and near collision, 
short-range forces of repulsion come into play. It can be considered 
that the constant b includes repulsion forces since it simulates the same 
effect on pressure (an increase). 

An opposing effect is present before collision since the molecules are 
attracted to each other by long-range cohesive forces. Van der Waala 
premised tj^ the pressure of the gas is decreased, because of these attri¬ 
tion forces, by an amount proportional to the square of the d^sity: 

Total pressure = (kinetic and repulsion pressure) — (cohesive pressure) 


V = 


RT 

V — h 


a 

V- 


(10-la) 


where a, like b, is a constant for each gas. When a and h are zero, the 
equation is that of the ideal gas. 

The calculation of temperature or of pressure can be readily made 
from the van der Waals equation, but calculations of specific volume are 
best made by successive approximations. For this reason, the equation 
is said to be explicit only for temperature and pressure. 

The constants a and b in the van der Waals equation, the specific con¬ 
stants, should be found by empirically fitting the equation to experi¬ 
mental data for one particular region, and thus several sets of constants 
will be necessary to include all regions. An easier and less accurate 
solution is to calculate the constants from certain conditions which are 
known to be valid at the critical point: 

1. The equation of state. 

2. The critical isotherm has a horizontal tangent. 

3. The critical isotherm has a point of inflection. 
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The last two conditions are expressed mathematically as 

= 0 (at critical point) (10-2) 

When the three equations, Eqs. (10-la) and (10-2), are solved simul¬ 
taneously, the three constants a, 6, and R' can be evaluatedf in terms of 
the critical constants pc, Vc, and Tc. For the van der Waals equation. 


dp 

dv 




dp^ 

\ 

-R'T 

+ 

2a 

dv j 

It 

{V - by 


ay 

\ 

2 R'T 


6a 

dv\ 

)t 

(v - by 




V 

R'T 

a 



V - b 




And, upon solving, 


a = ^Vc^Pc ^ ^ ^ 


p/ _ 8 PcVc 

^ 3 Tc 


(a) 


But the van der Waals equation should reduce to the ideal-gas equation 
as pressure approaches zero, and therefore R/ should be the universal 
gas constant R and not a specific constant for each gas. This reasoning 
allows one of the critical constants to be eliminated from Eqs. (a), and 
the critical volume is selected, .since its value is not usually known within 
the same accuracy as the critical temperature and pressure, 

27 R^Tc^ j \ RTc 

04 Pc 8 Pc. 

Values of a and h for several gases and calculated from Eq. (10-3) can 
be found in Table B-8. Since the constant /? is a universal constant, 
the van der Waals equation (and many others) is called a two-constccfit 
equation of stale. 

Example 1. Compute from the van der Waals equation the pressure exerted by 
1 lb;;, of CO 2 at a temperature of 212°F if the specific volume is 0.19S ftVlbm. 

Solution. Since Table B-8 is in mole units, it will be easier to convert the specific 
volume to a mole basis (or change the constants in Table B-8 by use of the factors 
listed in this table). Then: 


t And if R' is arbitrarily specified, the equation of state, in general, can contain 
three other constants, a, 6, and c. 




Mcoz 

V 

T 
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Table B-6 

« 44 

: 0.193(44) » 8.492 ftVmole 
. 672°R 

Equation (10-la) 

RT 
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Table B-8 
atm ft* 
mole* 

0.685 ftVmole 
atm ft* 
‘R mole 
Equation (3-5a) 


a 

b 

R 


924.2 - 


= 0.73 ^ 


a 

V — h 

0.73(672) 


P 


RT ^ 0.7‘S{Q72) 
V 8*492 ” 


924.2 


8.492 ~ 0.685 8.492* 

= 62.9 - 12.8 = 50.1 atm 


57.8 atm 


Ans. 


Compare these two answers. Which answer is correct can be determined only by 
experiment, although the van der Waals answer should be, and usually is, more 
reliable. 

10-3. The Compressibility Factor. The deviation of the real gas from 
^eal behavior is shown by the compr essibility factor 2 , 


^ ■" RT 


pv = zRT 


(10-4a) 


where z is a complex (and unknown) function of any two of the variables 
p, y, and T. The factor z can be calculated from the experimental data, 
and a diagram such as Fig. 10-1 constructed. Although only isotherms 
are shown in P'igT 10-1^ isometrics {v — C) can a lso be superimposed, 
since v — zlTrjp. Figure 10-1 can be called a specific compressibility 
mart sinegj iT^Ts constructed from data for one substance. It represents 
a graphical equation of s^tat^ jyhich is noTrestricted to the gaseous phase 
of Hie substance. 

In engineering practice, reasonable approximations to the pvT rela¬ 
tions of a substance are frequently required, especially for the case, more 
usual than unusual, where pvT data are entm^Hra^istent. ,To fulfill 
this heed, a generalized compressibility chart can be constructed from 
known data for one or more substances, and this chart can then be used 
for all_^ substances. To construct a generalized compressibility chart, 
one method is to reduce the properties ty dividing by the appropriate 
critical constant: ^ 

n ^ ^ (10-5) 


Pr = — 
Pc 


The compressibility factor z is then plotted versu s any two of these 
reduced properties. For example, Kg. 10-3 shows the experimental data 
for 10 different gases on a generalized compressibility chart which has 2 , 
Tr, SinS^Pr as the coordinates, and the data correlate with an over-all 
average deviation of the order of 1 per cent. This excellent correlation 
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suggests that Fig. 10-3 can be used for any gas with accept able accu racy 
for most engineering problems (and, for z values greater than 0. 6, th e 
generalized^compressibility chart is almost invariably within 5 p er ^ent 
of the correct answer/or all gases). 



0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 70 

Reduced pressure 


Fio. 10-3. A generalized compressibility chart for various gases. (Gouq-Jcn Su; sec 
footnote, p. 167.) 


Example 2. Ucterniine by means of Fig. 10-3 the sp(‘cilic volume of 1 lb„, of CO 2 
if the pressure is 50.9 atm and the tein])crature is 212°F. 

Solution. From Table B-7, 


Pc = 72,9 atm 


^ _ 5 (^ 

Jc “ ^ 2.9 


0.685 


L == 459. 7 + 212 
Tc “ 459.7 + 87.9 


1.23 


From Fig. 10-3, z = 0.88, and, by Eq. (10-4a), 

ZRT 0.88(0.73) (671.7) ^ 

t; »-=- - -^ * 8,49 ftVmole = 0.193 ftVlbm Ans. 

p ou.y 

The chart solution is almost invariably more accurate than that found by a two- 
constant equation of state. 

Figure 10-3 does not show values for the reduced specific volume Vr. 
The reason for this omission is that z has been correlated against two 
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independent variables, Tr and pr, and therefore Fig. 10-3 represents a 
graphical function of 

“ Z = fi'TryPr) (a) 

By substituting Eqs. (10-5) into Eq. (10-4a), 


PrVr PeVc ^ PrV, 

Tr RTc Tr - 


(10-46) 


a new variable Ze ap pears: the com vressihilitji factor at the criticaljpoinL^ 
Unfortunately, Zc is not a constant but varies widely from substance to 
substance (Table B-7). However, comparison of Eqs. (a) and (10-46) 
shows that VrZc must also be a function of Tr and pr. This variable, pro¬ 
posed by Kamerlingh Onnes, was called by Suf the ideal reduced volume 


z = 




(10-4c) 


Thus, the reduced properties of the compressibility chart are defined as 




V 

RTc/pc 



( 10 - 6 ) 


wherein RTdpc could be called the ideal-gas volume at the critical point. 
Note again that reduced isometrics of the form v/vc cannot be added to 
Fig. 10-3 since Zc is not a constant but that Eqs. (10-6) show that this 
disadvantage can be overcome by redefining the reduced volume to be a 
function of only Tr and pr. 

Figure B-8 is a generalized compressibility chart with ideal reduced 
isometrics. Equations (10-6) allow additional isometrics and isotherms 
to be readily constructed on the compressibility chart, and thus interpo¬ 
lation can be avoided. 


Example 3. Determine the pressure exerted by 1 Ibm of CO 2 at 212°F if the specific 
volume is 0.193 ft’/lb^. 

Solution. From Table B-7, 


Hence, Tr 


tc « 87.9°F 2 . 


^ 671.7 

1\ “ 547.6 


1.23 


- 0.275 Vc » 1.51 ftVmole 
0.193(44) 

Vr' =* VrZe * -rTT- (0.275) = 1.55 

1.51 


From Fig. B-8, z « 0.88; hence, 

zRT 0.88(0.73)(671.7) ^ , 

-44(«- 

Examples 1 to 3 are for the same state. 

t Gouq-Jen Su, Modified Law of Corresponding States, Ind. Eng. Chem.^ 88 : 803- 
806 (August, 1946). 




168 


ELEMENTS OF THERMODYNAMICS 


10-4. Compressibility and the Equations of State. Although the 
specific compressibility chart is a convenient and precise method for 
obtaining the pvT properties of a substance, an equation of state is more 
desirable when knowledge of other properties, such as internal energy 
and entropy, is required (Art. 8-1). This is because derivatives must 
be evaluated, and graphical differentiations and integrations are tedious 
and open to error. 

A large number of equations of state have been derived from con¬ 
siderations based upon kinetic theory, upon thermodynamic relationships, 
and upon the known behavior of substances; some 56 equations are listed 
in Ref. 1. The equations are usually explicit in pressure, and this form 
of equation is an invariable consequence of a kinetic-theory background. 
The specific constants of the equations are found in various manners and 
without necessarily restricting the equation to have a point of inflection 
at the critical point. For precise work, the specific constants should be 
found by fitting the equation to the experimental data in the region under 
study. In this article, however, the specific constants are determined 
primarily by conditions at the critical point, and therefore the particular 
values are not necessarily the optimum values. 

On the other hand, for many engineering applications it is neither 
expedient nor necessary to have a high degree of preciseness. Thiis, the 
validity of the equation of state for regions beyond the extent of the experi- 
mental data or for regions where the constants were determined by theoretical 
considerations can be shown by superimposing the equation on a generalized 
compressibility chart. The procedure can be adapted to any equation of 
state, although tests only of reduced equations will be discussed here. 
The objective of this article is to study the pvT predictions of the equa¬ 
tion of state, while the question of property evaluation will be delayed 
until Art. 10-5. 


Van der Waals (1873) 

- -- , 


RT _ a 

V — b 


The constants dictated by Eqs. (10-2) are 

_ ^ R^Tc^ 1 RTc 

^ 64 Pc 8 Pc 


(10-la) 


(10-3) 


A reduced equation is obtained by substituting Eqs. (10-3) and (10-6) into Eq. (10-la): 


Vr 



% 


(10-16) 


Since Eq. (10-16) is entirely divorced from the critical properties of any one gas, it is a 
reduced equation with generalized Constanta^ called also a generalized equation. This 
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equation can be transposed into a compressibility equation by substituting pr ~ zTrlvt^ ’ 
for the explicit term and rearranging, 


z 



'TrV~r> 


(lO-lc) 


Equation (10-lc) can be solved for selected values of Vr^ and Tr and the z network 
superimposed on the appropriate generalized compressibility chart to show the region 
or regions where the equation is valid. 

Two-constant equations are not of much value if a large region of Fig. 10-1 is to be 
surveyed. But for the low-density region, such equations are usually quite accurate 
for many problems. The van der Waals equation can be expanded (Prob. 15) into 
f nr IT] (for use at low to medium densities), 

2 = 1 + (g - -^^) Pr' + Pr-* + P,'= + • • • (lO-lrf) 

or into a power series in p (Prob. 16) (for use at low densities). 

These two equations reflect the data of Fig. B-8 quite accurately over a large region. 

The compressibility factor at the critical point for the van der Waals equation is 
found from 

Zc = = 0.375 (10-1/) 


The value of Eq. (10-1/) is high relative to that of most substances (Table B-7); hence, 
the van der Waals equation is poor in the vicinity of the critical point and along the 
critical isotherm at high pressures. 

Sut reported an average deviation of only 3 per cent or less from experimental data 
for 17 gases at densities almost up to the critical. An average deviation, however, is 
misleading; for example, at Tr — 1.5, pr — 2.5, the deviation is of the order of 7 per 
cent at a density half that of the critical (Fig. 10-4a). The equation does show the 
foldback of the isotherms at the upper boundary of Fig. 10-1, and, at higher tempera¬ 
tures, it is quite accurate. The van der Waals equation, like many others, yields 
straight isometrics, and therefore it does not obey Fig. 10-2. 


Dielcrici (1899) 


RT 

i; - 6' 


With the same procedures as for the van der Waals equations 


4R^ 

PeC* 

Tr 


1/e* 


, RTc 
o =s —, 
Vc^ 

0— 4/7’ fVf pc* 


t/r^-l/e*" 

1 + Ir (l - f) Pr. + (l - ’ + 


(10-7a) 

(10-76) 

(10-7c) 

(10-7d) 

(10-7c) 


t Gouq-Jen Su and C. H. Chang, A Generalized van der Waals Equation of State, 
Ind. Eng. Chem., August, 1946, p. 800. 
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The factor Zc can be calculated from its definition, 


Zg 


VcVc 

RTc 


0.271 


(10-7/) 


The critical val ue of 0.27 1 f or Zc is c lose to that for many substances (Table B-7), 
an3 therefSre~theTbieterici equation shows good agreem ent wiU^t he compre ssibility 
chart^n the neighborhood of the~crrtical poi nt a nd also along the critical isotKefln; in 
otherTeglbnsTTFTs far in error (Fig. 10-4)! (Of course, the chart itself is poor in the 
neighborhood of the critical point.) 

The equation has positive-curvature isometrics. 



RT a 

^ V - b tv* 


(10-8o) 


With the same procedures as for the van der Waals equation, 


27 R^Tc^ 


64 Pc 


b = 


1 RTc 


8 pc 


Pr = 


Tr 


t'r' 


TrVr'^ 

2^4 

TrHr' 


(10-86) 
(10-8c) 

~ tr*v7 

Figure 10-4 shows that Eq. (10-8d) is inferior to the van der Waals equation. But if 
the constant is replaced by %28 and the equation is expanded into a series in pr', 

(lO-Se) 
( 10 - 8 /) 


or in Pr, 




+ • 


z = 1 -f 


the resulting equations are superior to the similar van der Waals open equations. 
For example, many of the data of Fig. B-8 can be reproduced within 1 per cent devia¬ 
tion (versus about 2 per cent for Eqs. (10-ld) and (10-le)]. Because of this excellent 
correlation, the Berthelot equation is widely used for low-pressure gas corrections. 
The isometrics have negative curvature. 


Kamerlinyh Onnes\ (1901) 


RT ^ Vr' Vr’* ^ Vr’' ^ Vr'* ^ 


(10-9) 


wherein the coefficients B, C, D, etc., are of the form 


B 


1 . 62 , 6j , 64 

I I* fp f 1 'p 4 1 


T? 


(10-10) 


The constants 61 , 62 , ... , ci, C 2 , . . . , etc., represent the average values for hydro¬ 
gen, nitrogen, oxygen, ethyl ether, and isopentane. 

Excellent results are obtained from this equation. Note in Fig. 10-4 that the maxi¬ 
mum deviation from experimental data is slightly greater than 2 per cent and, in most 
cases, considerably smaller. 


t H. Kamerlingh Onnes, Expression of the Equation of State of Gases and Liquids 
by Means of a Series, Communs. Phys. Lab, Leiden, no. 71 (1901). 
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Fig. 10-4. Comparison of various reduced equations of state with compressibility data. 
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Experimental (and isothermal) data for gases and liquids are frequently presented 
in the form of 

= +S+S+ • ■ •) 

or, from some laboratories, in the form 

pt; * + B'p + -f (10-12) 


The odd powers of density and pressure (other than the first power) are usually 
omitted since fewer terms, practically, are required to fit the experimental data. 


Be attie-Bjid gemaii t (1928) 



li 

, 1 - « 
1>2 

(f+ 

B) - 

A 

' l>2 

A = .4„ ( 

/-:) 

B = 

= 


t) 

Or, in virial form. 






I'li* 


RT , 

/3 . 

y , 

h 


V = 






(10-13a) 


(10-136) 


where /3 = RTBq — Aq — Rc/T^ 

y = -RTBob + Aoo - RB^IT’^ 
h = RBobcIT^ 

The five specific constants for the equations have been determined for a number of 
gases (Table B -8 and Ref. 3) by curve fitting to the experimental data; the methods 
are discussed in detail in Ref. 5. 

The reduced equation cannot be entirely divorced from critical properties, 


T.(l - O A' 




c 


(10-13c) 


since the new' dimensionless ratios equal 


, a 

/,' - '' 

“ lifT/pr 

RT,lv^ 

A' _ ^0 

R' - 

" R^T.Vpc 



RTA/Vr 


(10-13d) 


SuJ found the foregoing ratios to be essentially constants for a numl>er of nonpolar § 
gases and proposed the following generalized values (and Zc — 0.27): 


a' = 0.1127 6 ' « 0.03833 c' = 0.05 

A'o = 0.4758 R; = 0.18764 

t Reference 5; the behavior of gases is discussed in detail in this classic paper. 
t Gouq-Jen Su and C. H. Chang, Generalized Beattie-Bridgeman Equation for Real 
Gases, J. Am. Chem. Soc., 68 : 1080 (June, 1946). 

§ Polar molecules have dipole moments —the electrical centers of positive and nega¬ 
tive charges do not coincide (CH 4 nonpolar, H 2 O polar, for examples). 
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Generalized constants can also be calculated by Eqs. (10-13d) from the specific con¬ 
stants for a particular gas (and used for similar-structure gases). 

Suf found that for each of 17 gases an average deviation of 2 per cent or less could 
be expected up to nearly the critical density. Figure 10-4 shows that the equation 
with the Su constants is quite precise (although, at Tr = 1.2, pr = 2.5, the deviation 
is at least 6.5 per cent). At high reduced temperatures the deviation, although small, 
is greater than that of the van der Waals equation (Su’s constants were fitted for the 
temperature range Tr « 1 to 5). 

The equation has isometrics with negative curvature. 


BeattieX (1930) 


RT ^ 0 




RT 


+ j^2Y2 V 


J-^ p2 

-r ^37^3 P 


(10-14o) 


Beattie approximated Eq. (10-136) by partially solving for the volume and then 
replacing l/v by j)fRT in the higher-order terms. The Beattie equation is convenient 
in those cases where an equation explicit in v facilitates computations [Eq. (8-5)]. 
At low pressures, Eq. (10-14a) is approximated by 


or in reduced form 


= 1 j_. 

T i 



K 

Tr2 



(10-146) 

(10-14c) 


Equation (10-14c) deviates from Fig. B-8 by about 1 per cent over most of the region 
(the generalized constants are those of the Beattie-Bridgeman equation). 

Benedici-Webh-Ruhin\ (1940) 

p = RTp -f |ftT'(5o -f 6p) — (Ao + flp — flap^) — ^ — cp(l -j- 7P*)e~'>^^*]| p* 

(10-15a) 

z = 1 + (fi. - p + (h- ir + RT> 

(10-156) 

The Benedict equation has eight specific constants, which have been evaluated 
for a number of hydrocarbons. The constants proposed by Benedict § predict the 
pressure of gases with a maximum deviation of per cent (and an average deviation 
of 0.35 per cent) up to densities of 1.8pc; methods for obtaining the vapor pressure 
of the pure substance and the phase behavior of hydrocarbon mixtures were also 
proposed. 

The isometrics have negative curvature at low densities, positive at intermediate 
densities, and negative again at high densities, in agreement with Fig. 10-2. 


t Su and Chang, loc. cil. 

J J. A. Beattie, A New Equation of State for Fluids, Part IV, Proc, Natl. Acad. Sct.^ 
16: 14 (1930). 

§ M. Benedict, G. Webb, and L. Rubin, An Empirical Equation for the Thermo¬ 
dynamic Properties of Light Hydrocarbons and Their Mixtures, J. Chem. Phys., 8; 
334 (1940). 
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Martin-Hou^ (1955) 


RT 42 + B,T + 4 , + B,T + A, 

P “ t. - i> (t) - 6)* (« - 6)> ' - b)* 

B,T + C.e-'’- 

(t- - 6)‘ 


(10-16) 


Most equations of state represent best a restricted class of substances: the Benedict 
equation, hydrocarbons. The Martin-Hou equation was designed to represent all 
gases by the use of 11 specific constants, which are functions of the critical properties 
pc, Tc, Ze, and the slope of the critical isometric. 

In general, it is claimed that the equation reproduces the experimental data within 
1 per cent up to densities of about 1.5pr and up to temperatures of about 1.57*^. Seven 
gases were studied, with various structures, polar as well as nonpolar: CO 2 , H>0, 
N 2 , CaHe, HaS, and CsHg. Near the limiting density of 1.5pc-, the equation is 
sensitive to the value of b (because of the difference term, v — h) and becomes unusable. 

Liquids, A simple equation for liquids is the Buehler equation,'^ 


Pr = + X, (0.95 > Tr > 0.5) (10-17) 

X2 — Pr 

where xi — lOTr — 3.1 

X2 = 8.284 - 18.072c - (4.482 - 14.l2c)7V 
Xi -= IbTr - 20 

An advantage of the equation is that it can be solved explicitly for either pressure or 
density. Reduced equations for conden.sed phases, however, may be highly inaccu¬ 
rate since density changes are small. 

Plasma. Phenomena such as atomic explosions and high-speed missiles require 
that consideration be given to the breakdown of gases, in particular, air. When the 
temperature of air at atmospheric pressure exceeds about 3000°K, intermolecular 
collisions become so violent that molecular oxygen (Oj) dissociates into atomic oxygen 
(O) and, to a lesser extent, molecular nitrogen (N 2 ) dissociates into atomic nitrogen 
(N), while various oxides of nitrogen appear. At still higher temperatures (say 
6000°K), the atoms become appreciably ionized —the atoms break up into positively 
charged ions and free (unbound) electrons. Too, the bound electrons of the atom 
may move from inner orbits to outer orbits by absorbing energy so that the atom is 
in an “excited” state. 

Consider that the effect of dissociation or ionization is to increase the moles of 
particles (for example, 1 mole of molecular oxygen forms 2 moles of atomic oxygen). 
Therefore, a gas resists a rise in temperature by dissociating and/or ionizing to 
absorb the added energy and resists a rise in pressure by recombining particles to 
reduce the volume. Thus the tendency for dissociation and ionization is greatest at 
high temperatures and low pressures (low densities). When the free-electron popula¬ 
tion of the gas is sufficient to make the gas an electrical conductor, it is called a plasma. 

At 2000°K and 7 atm, air is essentially a nondissociated, nonionized gas with an 
approximate composition (in mole per cent) of 78 per cent N 2 , 21 per cent Go, and 
traces of A and CO 2 (Table 14-1); at the same temperature but 7 X 10~* atm, air 
becomes a partially dissociated but negligibly ionized gas with a composition of about 
73 per cent N 2 , 15 per cent O 2 , 10 per cent O, 0.9 per cent A, 0.7 per cent NO, and 
traces of CO and CO 2 ; at 15,000°K and 1.5 atm, air becomes a fully dissociated and 
partially ionized gas—a plasma—with a composition of about 30 per cent N, 30 pe 
cent electrons, 25 per cent (singly ionized nitrogen atom), 9.8 per cent O, 4.9 pei 
cent O^ 0.16 per cent A, 0.16 per cent A"*” (Hilsenrath*). 
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The equation of state for the mixture of particles called a plasma is usually shown in 
one of the two following forms (since density is low, the idcal>gas laws are adequate 
or 2 is unity); 

pv = Z*RT 
pv * (1 + y)RT 


where v * specific volume (Ib^ basis) 

R s* specific gas constant for the gas before breakdown 
Z* moles of particles (rip) per mole of gas before breakdown (n) 

7 =* degree of dissociation = (rip — n)/n 

The symbol Z* (a dissociation-ionization factor) should not be confused with z (the 
compressibility factor of undissociated, un-ionized gas; see Figs. 10-1, 10-3, and B-8). 

10-6. Property Evaluation and the Equation of State. The primary 
purpose of the equation of state is to evaluate the thermodynamic proper¬ 
ties other than pressure, volume, and temperature. Unfortunately, 
discussions in the literature of the ability of an equation of state to predict 
these properties are either absent or unsatisfactorily sparse. The 
problem is that slight errors in the pvT or zpT data can be greatly mag¬ 
nified in the partial derivatives of these data; also, the property equations 
usually involve a difference term between two relatively large numbers 
(with the difference approaching zero as density approaches zero) [Eq. 
(8-5), for example], thus leading to large and unforeseen errors. For 
example, the Beattie-Bridgeman operation portrays the compressibility 
of CO 2 to densities well above the critical (Fig. 10-4) but, in this same 
range, poorly represents the internal-energy deviation (Fig. 10-5). Note 
that, at very high densities, the results are far in error. 


10-6. Principl es of Corresponding Statw. A theorem of corresponding states was 
first pf^pos^ by van der Waalsl He reasoned that all substances existed as a gas, 
liquid, or solid phase or as a mixture of these phases and that all displayed common 
characteristics such as the phenomenon of a critical point, a triple point, a Boyle 
isotherm, etc. Therefore, the pvT relationship of all substances could be portrayed 
by a single model or three-dimensional surface if the parameters of this surface were 
properly selected. Since he was primarily interested in gases, he selected the critical 
point to be the base reference and the critical properties to be the reducing parameters, 

p. ^ i Tr^'^ (10-5) 

Pc I c Vc 

Therefore, the van der Waals principle of corresponding states has the form 


fiPrfVrjTr) ^ 0 


(10-18a) 


Van der Waals illustrated his principle by substituting Eqs. (10-3) and (10-5) into 
Eq. (10-la) along with the critical ratio of 


STr 3 
3»r - 1 »r* 


(10-19) 


Equation (10-19) is a reduced or generalized or universal equation of state since it con¬ 
tains no constants specific to one gas. For that matter, many equations of state can 
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be reduced in the same manner; thus, the van der Waals principle of corresponding 
states [Eq. (10-18a)] is a much broader generalization than a particular reduced equa¬ 
tion based upon the van der Waals reduced properties [Eq. (10-19)]. 



Fig. 10-5. The interna]-energy deviation of carbon dioxide at Tr = 1.4 for various 
equations of state. (From Ref. 4.) 


The van der Waals principle of corresponding states can be shown in a different 
form. Consider that Vr, by definition, equals 

_ V _ zRT/p _ £ ^ 

~ V. ZcRTdpc ^ Zc Vr 

Hence, substituting for Vr in Eq. (10-18a), 

/(p.,7V,|)-0 (10-186) 

Observe that, if reduced isotherms were to be constructed on a diagram with reduced 
pressure and reduced volume (or z/ze) as coordinates, correlation for all substances 
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would be exact at point (since Vr, Tr, pr, zizc all would have the value of 

unity). Thiis i ihs van ^r Wap^ principle of correeponding an eXM-*- for^l 

substances at tf^critical poM. ‘ On the other hand, in other regions, for eicample, at low 
pressures, where pr isothermally approaches 0 as its limit. Fig. 10-1 shows that z 
approaches 1 as its linjit; therefore, the variable zjzc approaches a limit Xjzc which has 
different values for different gases*[since Zc varies from about 0.2 to 0.3 for various sub¬ 
stances (Table B-7)J. Thas^ the van der Wools principle of corresponding states is badly 
in error at low pressures if the substances being correlated have different Ze values. 

The fault of the van der Waals principle at low pressures for substances with 
different Zc values was corrected by Kamerlingh Onnes. Since z exactly equals 


PV _ PrP^fVe PrVr P^e Pr^r 

“ ~ RT RTrT. “ Tr RT. " Tr 


( 10 - 20 ) 


and since all gases approach the ideal state (where z = 1) as pressure isothermally 
approaches zero (Fig. 10-1), a new set of reduced properties can be defined by com¬ 
bining Zc with either pr, Tr, or Vr. The combination of VrZe was called by Su the ideal 
reduced volume (Art. 10-3). It follows that the new reduced properties are 


Tr 


T p 

Ic Pc 


JL 

Pr' 


r ^ Tr 

RTcfpc ^ Pr 


(10-6) 


On the basis of Eqs. (10-6), Su proposed a ^odificd principle of corresponding states 


or 


f{Pr,Tr,Vr') = 0 (10-21o) 

fipr,Tr,z) = 0 (10-216) 


Note that the Su principle of corresponding states approaches exactness for all substances 
as the pressure approaches zero but is badly in error at the critical point if the substances 
being correlated have different Ze values (the inverse behavior to the van der Waals law). 

The generalized compressibility chart (Figs. B-8 and 10-3) represents graphically 
the function of Eq. (10-216) with a precision adequate for many problems (and the 
fact that correlation is not perfect on the zpr chart shows that no exact function of the 
variables z, Tr, and pr exists). Thus, the zpr chart and all equations reduced with 
Eqs. (10-6) are examples of the modified principle of corresponding states. If the 
substances being correlated have the same Zr values, the van der Waals and the Su 
principles are equivalent; if the substances have different Zc values, the van der Waals 
principle is exact at the critical point and the Su principle approaches exactness as the 
pressure approaches zero, but in between these regions neither principle is exact (and 
the Su theorem is preferable since it is more exact in the low-pressure and medium- 
pressure regions and, also, quite accurate in all regions save that of the critical point, as 
demonstrated by the validity of the generalized compressibility chart). 


PROBLEMS 

1. Determine the pressure exerted by 2 Ib^ air at 100°F if the volume is 30 ft®, using 
the (a) perfect-gas equation, (6) van der Waals equation, (c) compressibility factor. 

2. Repeat Prob. 1, but for (o) methane, (6) carbon monoxide, (c) carbon dioxide, or 
(d) hydrogen. 

3. Repeat Prob. 1, but use the Beattie-Bridgeman equation. 

4. Locate the following states of H 2 O on the compressibility chart (Fig. B-8 or 10-3): 
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320 psia, 480®F; 590°F, x * 0.5; 32°F saturated liquid; Q^OOO psia. (Compute 
z from Steam Table data.) 

5 . A pound of carbon dioxide has a volume of 0.15 ft* and a pressure of 100 atm. 
Compute the temperature by the (o) perfect-gas equation, (6) van der Waals equa¬ 
tion, (c) compressibility factor. 

6. Repeat Prob. 5, but for (a) methane, (6) carbon monoxide, (c) hydrogen, or (d) 
air. 

7 . A pound of carbon dioxide has a temperature of 100°F and a pressure of 1,000 
atm. Compute the volume by the (a) perfect-gas equation, (b) van der Waals equa¬ 
tion, (c) compressibility factor. 

8. Repeat Prob. 7, but for (o) methane, (b) carbon monoxide, (c) hydrogen, or (d) 
air. 

9. Repeat Prob. 7, but for the Beattie equation. 

10 . A 10-ft* tank containing 0.25 lb,„ of air at 60°F is connected to another tank of 
the same volume that is at the same temperature but contains 0.50 lb,,, of air. Find 
the final pressure, assuming that the air behaves ideally. 

11. Reduce the Beattie equation to a 2 equation in pr and Tr. 

12 . Derive Eqs. (10-3), (10-16), and (10-lc). 

13 . Are Eqs. (10-2) necessary and sufficient to dictate a point of inflection? 

14 . Why is Vr rarely used? 

16 . Derive the virial form of the van der Waals equation. [Equation (10-ld): 
Expand the (vr' = term in Eq. (10-lc) in a Maclaurin series.] 

16 . Change the virial form of the van der Waals equation into a power series in p. 

17 . Calculate the compressibility factor at the critical point for the van der Waals 
equation, and check by Eq. (JO-lc). 

18 . Lay out isotherms for the van der Waals virial equation for Tr — 1.05, 1.20, 
3.00 on Fig. B-8. 

19 . Investigate the curvature of the isometrics for the van der Waals equation. 

20 . Determine the constants a and 6 for the Berth(‘lot equation. 

21 . Repeat Prob. 20, but for the Dieterici equation. 

22 . Repeat Probs. 15, 16, 17, and 19 for (a) the Berthelot equation or (6) the 
Dieterici equation. 

23 . Repeat Prob. 18, but for the Berthelot equation. 

24 . Calculate generalized constants for the Beattie-Bridgeman equation from the 
specific constants for nitrogen. 

26 . Transform Eq. (10-13a) into Eq. (10-136). 

26 . Obtain the Beattie equation. 
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CHAPTER 11 


THE IDEAL GAS AND MIXTURE RELATIONSHIPS 

Ideals are like stars . . . choose them as your 
guides, and, following them, reach your destiny. 

Carl Schurz 


The concept of the ideal gas represents a limiting state that can be 
approached but not attained by any real gas. However, in mechanical 
engineering many of the processes are conducted at such pressures and 
temperatures that the ideal-gas laws can be used as simple and reasonably 
close guides to the behavior of the real gas. 

11-1. Equations for Real or Ideal Gases. Because of the number of 
equations that will be developed in this chapter, basic relationshipsf 
will be summarized here. For reversible or irreversible processes of unit 
mass of substance, 


- 


= Au -h AKE 

(4-4d) 


rev or 
irrev 



Aq - 


= Ah + AKE 

(5-7rf) 


rev or 
irrev 


and, for the change in value of a thermostatic property between two 
states, 

dh^ ^ = CpdT dul^ = Cv dT 

dll = T ds — j) dv (7-4a) 

dh = T ds + V dp (7-46) 

while, by arbitrary definition, 

k = ^ (2-46) 

Cv 

t Changes in potential energy are ignored throughout the chapter. Also, the inde¬ 
pendent variables of time t for the closed system and length /> for the steady-flow open 
system are implicit for all energy equations. Thus, Aq for the closed system is an 
increment from time ti to time t*, while Aq for the steady-flow system is an increment 
from position Li to position L 2 . 
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With the restriction that the process is reversible, 

Att'rev = iv dv (6-2c) 

of 

AlPrev = iv dv — AFE — AKE = —fv dp — AKE (6-3a) 

■f 

dQrey = T ds (7’3c) 

11-2. Property Relationships for the Ideal Gas. Upon the structure of 
general equations in Art. 11-1, the restrictions of an ideal gas can be 
placed, 

pv = RT (3-5a) 

du = c^dT (3-86) 


As a consequence, 

dh = c^dT (3-8d) 

Cp — Cv = R (3-9) 

By substituting Eq. (2-46) into Eq. (3-9), 


Cp 

Cv 


JcR_ 

k - 1 
R 

k - 1 


(11-la) 

(11-16) 


Process equations for the perfect gas can be found by substituting 
Eqs. (3-86) and (3-8d) into Eqs. (7-4a) and (7-46), 

T ds = Cv dT + p dv (1 l-2a) 

Tds = CpdT - V dp (11-26) 

From these equations and Eq. (3-5a), 

ds = + Rj (U-3a) 

ds = Cp^-/?^ (11-36) 

The equation of state can be differentiated and divided by RT to yield 

dv .dp _ dT 
7 ’^'p ~ ~T 

With this relationship and Eq. (3-9) substituted in either Eq. (ll-3a) or 
(11-36), 


, dv , dp 
da ^ Cp - V Cv — 

^ V p 


(ll-3c) 
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For simplicity of presentation, the heat capacities will be considered, 
most often, to be constants; with this restriction, Eqs. (11-3) integrate to 

As — + R\n— (ll-4a) 

1 1 V\ 

As = Cp In ^ In — (11-46) 

i 1 Pi 

As = Cp In — -f Cv In — (ll-4c) 

V\ Pi 


11-3. The Polytropic Process. The properties of the end states of the 
reversible or irreversible process of the ideal f gas can be related by ecpia- 
tions of the form 

= P2V2^ (3-7a) 



(3-76) 

(3-7c) 


If all states encountered in the process are represented by the foregoing 
equations, a general path equation for the ideal gas can be proposed, 


pv^ = C (11-5) 

wherein n — <x> (constant volume!) 

n = k (constant entropy§) 

n — \ (constant temperature!) 

n = 0 (constant pressure!) 

n = constant (polytropic process) 

A process that follows the equation pv'^ = C is called a polytropic process 
unless some property remains constant during the process, and then it is 
assigned a name to show the constancy of the property—constant volume, 
constant pressure, isothermal, or isentropic. 

Equation (11-5) does not attempt to trace every possible process on the 
pv diagram between two states, for this would require the exponent n 
to be a variable that would change in value throughout the process. 
Since Eq. (11-5) relates only properties of the system (and does not 
involve the surface effects of heat and work), it can be used for reversible 
and also for irreversible processes {ij it is possible to assign property 
values to each state observed during the irreversible process). For 


t And for a real gas the same equations could also be used, hut then n would have 
a different value for each equation, 
t Article 3-5. 

§ Article 6-6. 
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example, an irreversible expansion could be made to approach closely k 
constant-entropy process by transferring heat from the process to counter¬ 
balance exactly the increase in entropy from irreversibilities. However, 
the probability of encountering such a process is extremely remote; hence, 
the terms constant entropy and isentropic and the exponent k will he used to 
denote only reversible processes (Art. 7-5). 

11-4. Work and Heat Equations. The reversible work of the nonflow 
process {AKE = 0) is found by substituting p = C/u'‘ into Eq. (6-2c), 


AWrr. nf 



a 


V2 


!-»/ 

“T 


n 


The constant C cciuals = P 2 V 2 '] hence, 


nf 

in^l) 


P2V2 — Pi^h 
1 — n 


(11-6) 


The reversible work of the steady-flow system differs from that of the 
closed system because of the presence of flow energy Apv. Also, changes 
in kinetic energy may be of importance in flow systems. Hence, from 
Eq. (6-3a), 


Aw;,ev .f 
(w^l) 


n(p2V2 - PlVl) _ 
1 — n 


(ll-7a) 


The foregoing eciuations are indeterminate for the isothermal process 
wherein n = 1. By substituting p = C/v into cither Eq. (G-2c) or 
(6-3a), the same form! of work equation is obtained for either the non¬ 
flow or the steady-flow process, 


AWrev = 727' In — — AKE = pv In — — AKE (11-8) 

T^C Vi ^ pi 

An eciuation for the heat transferred during a reversible polytropic 
process can be found from progressive substitutions of Eqs. (3-85), (11-6), 
(3-5a), (3-9), and (2-45) into Eq. (4-4(7) [or Eq. (5-7(7)], 

Agr.v = C. 'p—"" (Tj - T,) (ll-9a) 

1 — n 

Equation (ll-9a) has the form of a heat-capacity equation; hence a 
poly tropic heat capacity % is defined as 

k — n 

Cn — Cv z “ 

1 ~ n 


t The independent variables are different (p. xix). 
t An illogical name since Cp and Cv are properties while Cn is not. 


( 11 - 10 ) 
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Note that Cn can be used to find the heat transfer only for a reversible 
process. On the other hand, for reversible or irreversible processes, 


As = 


J T 



( 11 -%) 


Example 1. Air is reversibly compressed in a non flow proc^ess along a poly tropic 
path for which n is 1.3. Find the work of the process if the initial pressure is atmos¬ 
pheric at a temperature of 60°F and the final pressure is 125 psia. 

Solution. The first step in the solution is to draw a diagrammatic sketch of the 
system and indicate the initial and final states and the quantities to be evaluated. 
Here pi, T i, p 2 , and n are given. Since two properties are required to fix the state, 
the choice is guided by Eq. (3-76) [or by Eq. (3-7c) if Vi and Vi, rather than and p 2 , 
are given], 

( r)o\ /125\®-23i 

y = (iS) = 

The reversible work of the system is given by Eq. (11-6), 


Aierev 

nf 


piVi - V\V I 
1 — n 


Now the equation of state pv = RT is used (molecular weight of air is 29), 


RiTi - 1\) 1,545(853 - 520) 

i-n 29(-0.3) 


-59,100 


ftdb/ 

lb. 


Ans. 


Example 2. In a steady-flow isentropic process air enters the system at 440°F 
and 100 psia and leaves with pressure of 10 psia. Find the change in kinetic energy if 
the system does 50 Btu/lb. of work. 

Solution. The procedure is the same as before: a diagrammatic sketch of the sys¬ 
tem is labeled to show the transfers of heat, work, and mass; also, the desired proper¬ 
ties at the initial and final states are indicated. Here p\, pi, 7\, and n — k are given; 
hence, Eq. (3-76) is selected since 7\ can then be calculated. A value for k could be 
obtained from Table B-6; however. Fig. B-1 enables a mean value of k = 1.39 to be 
selected for a more exact solution. 

Since for the reversible adiabatic process Aq = 0, Eq. (5-7d) is convenient to use with 
the help of Eq. (3-8d), 

Aq — Aicl = CpiTi — Ti) -f- AKE 

Jrev or 
irrev 


The value of Cp is also from Fig. B-1, 


0 - 50 = -102.3 -f AKE 
AKE — 52.3 Btu/lb. Ans. 


Since this was a reversible process, Eq. (ll-7fl) could have been used for solution, but it 
is better, when possible, to select the more general First Law equation [Eq. (5-7d)]. 


11-6. Summary of Processes for the Perfect Gas. Comparison of the 
processes for the perfect gas can be made by observing the relationships 
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between the paths of these processes on the Ts and pv diagrams (Fig. 
11-1). In reproducing Fig. 11-1, it will be found convenient to draw 
first the constant-pressure process for which n is zero. Then, the other 
curves can be drawn, it being noted that n increases from zero to infinity 
in the clockwise direction. Inspection of Fig. 11-1 shows that n may have 
negative values. For a polytropic process with a negative number for 
the exponent n, Fig. 11-1 reveals that pressure and specific volume will 
both increase (or both decrease) during the process. This will occur if 
energy is transferred to an expansion process at such a rate that the 
pressure rises instead of falling. (Essentially, this occurs in an internal- 
combustion engine at the start of the power stroke, when chemical energy 
is liberated.) Similarly, for a hypothetical compression process, energy 




Fig. 11-1. Process patlis on pv and Ts diagrams. 

is taken away at a rate to cause the pressure to fall even though the 
volume is being decreased. 

11-6. The Irreversible Process. For an irreversible process the value 
for n cannot be used to compute either heat or work, but the process 
may still be represented in many cases on the pv or Ts diagram. The 
irreversible adiabatic process is often encountered. For this process, 
the value of n will assume values dictated by the amount of irreversibility 
that may be present, and the direction of the change in n can be readily 
deduced: if an adiabatic expansion process is irreversible, available 
energy is being degenerated into a thermal effect. This thermal effect on 
the pv path will be exactly the same as if a transfer of heat had occurred, 
and n will approach as a limitingf value n = 1.0. This will be the 
limit because, if all the available energy is wasted, no work will be done 
and the process will be at constant internal energy and this process 
is an isothermal process for the perfect gas. For the adiabatic com- 

t In a flow process with high initial kinetic energy, even this value could be lessened, 
but, practically, such cases are rarely encountered. 
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pression process, n is always greater than k with no limiting value 
because there is no limit to the amount of work that can be added to the 
system. Accordingly, the effect of irreversibilities is to cause n to 
decrease from the value for the reversible expansion process and to 
increase from the value for the reversible compression process. (These 
same trends will be evident for all irreversible processes.) 

Although the transfers of heat and work for the irreversible process 
cannot be computed by evaluating the jT ds and the Jp dv, such transfers 
can always be measured by changes in the surroundings that are evaluated 
by the First Law. Consider an irreversible steady-flow process; for this 
process, 

Ac — Aicl = Ah + AKE (5-7d) 

Jsf 

rev or 
irrev 


This equation holds for reversible or irreversible processes since all 
energy terms are measured at the boundary of the system. Equation 
(5-7d) can be disguised by substituting Eq. (3-8d), and then Eqs. (3-7/>) 
and (11-la), to yield 


Aq — Aw 


sf 

rev or 
irrev 



+ AKE 


( 11 - 11 ) 


Here the value of n links together the end states but does not necessarily 
mark the path. In other words, if the end states of the irreversible 
process are known, it is always possible to find a value for n that will 
satisfy Eq. (3-76). The same substitutions can be made in Eq. (ll-7a) 
to yield 

- ll - AA'A’ (11-76) 

(»^i) i-r/[Vpi/ J 

But this equation is valid only for reversible processes since it is evaluated 
from the work integral [Eq. (6-3a)] (and then disguised by ideal-gas 
relationships). 

Equations (11-11) and (11-76) should not be used for problems since 
the steps outlined in Examples 1 and 2 are more instructive. 

11-7. The Compression and Expansion of Gases. The pressure ratio 
for a process or cycle and for any working substances is defined as a 
number greater than unity. 




=r 

Plow Jprocpsa or cycle 


(ll-12a) 
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The compression or expansion ratio of a process or cycle is also a number 
greater than unity and is best viewed as a ratio of specific volumes, 

r. =^1 (11-126) 

process or cycle 

It follows from Ecjs. (3-7) that, for the usual processes of an ideal gas, 

= r/'-i)/- = r,-' {n > 1) (ll-12c) 

The problem in industry is cost, and cost dictates that the work of com¬ 
pression should be small while the work of expansion should be large. 
The pv diagram will be used to illustrate the work of various processes. 
In Fig. ll-2a, the isothermal and isentropic compression processes are 


COMPRESSION 

Less work ibr isothermal 
compression than for 



EXPANSION 
More work from 



Fig. 11-2. Comparison of isothermal and isentropic steady-flow processes. 


shown starting from the same initial state and proceeding over the same 
pressure ratio. Since most engineering machines use a steady-flow 
process, the reversible work equals —\vdp (if changes in kinetic energy 
are negligible). Inspection of Fig. ll-2a reveals that —jvdp will 
decrease as the exponent n decreases; that is, less work is required when 
the gas is cooled during the compression process. However, if state 1 is 
at atmospheric temperature, the maximum cooling that can be attained 
without using a refrigerator (and a refrigerator would require an addi¬ 
tional source of work) is the isothermal process. Hence, the isothermal 
process is the idealf flow process for compressing fluids because the mini¬ 
mum amount of work is required (area I'122' is less than area 1'133'). 
Figure 11-26 shows that, in steady flow, isothermal expansion will deliver 


t .Although the ability of the compressed fluid to do expansion work is reduced by 
the cooling (area 2'211' is less than area 2'311'), yet in most practical cases this is not 
a loss, for either the compressed fluid is stored or else it is transferred through pipes to 
other locations before use, and during this time the fluid is unavoidably cooled to the 
temperature of the surroundings. 



188 


ELEMENTS OF THERMODYNAMICS 


more work than isentropic expansion if the fluid in both processes is at the 
same initial state (see Prob. 32). 

It has already been demonstrated that the amount of work required to 
compress a fluid can be determined without inquiring into the mechanism 
of the compressor. If the reversible compression (or expansion) is 
isothermal, Eq. (11-8) shows that, for gases such as air, 

Aw„v.t = HT 111 - ^KE (11-8) 

iaotherinal 'P’L 


while, for poly tropic (and isent ropic) conipressiou (or expansion), 


AWrev .f 

poly Impic 



- ^KE 


(11-76) 


Inspection of those equations reveals that the work depends not only 
upon the pressure ratio but also upon the initial temperature: the lower 
the initial temperature of the air, the less will be the work required for 
the compression. Interestingly, for ideal gases the amount of work is t he 
same for reversible pressure changes of 100 to 10 psia, 1,000 to 100 psia, 
or 1 to 0.1 psia, for example. 

In industry, large quantities of air (for example) must be compressed, and the com¬ 
pressor must be driven at high speed to supply the quantity of air demanded by a 
process. For this reason, it is difficult to cool the fluid at a fast enough rate to main¬ 
tain constant temperature. Therefore, the compression process in commercial 
machines approaches isentropic rather than the more desirable isothermal compression. 
In water-cooled reciprocating-piston air compressors, the poly tropic exponent for the 
relationship py" = C will have a value of 1.25 to 1.35. In centrifugal blowers, without 
cooling, values of n aV)ove 1.4 are quite usual. It is best to use these values of n in the 
general equation [Eq. (11-11)] since the real compression is an irreversible process and 
values of n are usually determined from boundary conditions. 

In some instances, water is injected into the air as a means of decreasing the work of 
compression. The saving in work arises from the high latent heat of the liquid; when 
vaporization of the water takes place, a reduction in temperature and therefore pres¬ 
sure of the air is obtained even though the vaporized water will contribute some part 
of the total pressure of the final mixture. This practice, however, must be used with 
care, since the presence of water may add to corrosion and erosion difficulties. 

11-8. Gas Tables. The compression, expansion, and flow of gases 
are frequent problems in engineering, and solutions based upon the ideal- 
gas laws are usually adequate. To improve the accuracy of the com¬ 
putations, the variations of the heat capacities with temperature should 
be included. For example, the isentropic process with variable heat 
capacity can be solved by substituting the general form of Cp from 
Table B-2, 


Cp = A -f BT + CT2 + . . . 
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into Eq. (11-36) and integrating, 

A In p + B{T,- T^) = R\n^ (11-13) 

Solution, however, of Eq. (11-13) is best made by trial. This tedious 
procedure can be avoided by the use of property tables such as those of 
Keenan and Kaye.^ 

Table 1 of the Gas Tables* lists the properties of dry air at low pressures (that is, 
in the ideal state) in the form illustrated in Table B-9. The values of enthalpy 
h, internal energy u, relative pressure pr, relative volume Vr, and the entropy function ^ 
are tabulated against temperature, as the only independent variable, for the range 100 
to 6500°R. The zero values of enthalpy and 4> are at zero degrees absolute to avoid 
negative values. The new quantities relative pressure pr, relative volume Vr, and ^ 
will be shown to be functions only of temperature. 

The function </> is defined as 

<!> = JJ Cpjr (Btu/db^X-H)] and .A = 0 at 0 °R (11-14) 

This equation shows that is a function only of temperature. Values of 0 were com¬ 
puted from heat-capacity data similar to those in Table B -2 except that adjustments 
were made to allow the heat capacities to approach zero at the absolute zero. Sup¬ 
pose that the change in entropy between two states is to be evaluated. Then, from 
Eq. (11-36), 

As ~ f Cp “ — In — 
yi ^ Pi 

And, by Eq. (11-14), 

As = *2 - <^1 - R In (ll-15a) 

Pi 

The values for <t> in Table B-9 enable the change in entropy to be readily computed. 
The entropy at any state is defined by rewriting Eq. (ll-15o) in the form 

5=<^—f^lnp-fso (11-156) 

Two states have the same entropy when 

</>2 — In p 2 = 01 — 72 In Pi 

Therefore, = In —1 (a) 

R pij«-c 

The form of Eq. (o) suggests definingf a relative pressure as 

In Pr = I (ll-16a) 

since, then, = In prs — In »,i = In — (6) 

R Prl 

t The values of pr in Table B-9 differ from the definition of Eq. (ll-16a) by an 
arbitrary constant, used to reduce the magnitude of the numbers. 
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By equating Eqs. (a) and ( 6 ), 

(11-166) 

PiJ« = r pn 

Hence, the ratio of two relative pressures is equal to the iscntropic pressure ratio. Equa¬ 
tion (11-166) is helpful in solving isentropic compression or expansion processes. Note, 
however, that the relative pressure pr is a pure temperature function [Eq. (II-I 60 )]. 

Example 3. A pound mass of dry air &i Ti = 9()()°R, pi — 100 psia undergoes 
a reversible adiabatic expansion to 10 psia. Calculate the final temperature. 
Solution. From Table B-9, 


Ty = 900°R pri = 8.411 


And, by Eq. (11-166), 

= Pr, ^ = S. JllCfo) = 0.8411 
Pi 

With this value of Pr 2 , enter Table B-9, and hnd 


Tt « 468°R A ns. 


As a matter of interest, use Eq. (3-76) and I: = 1.39 from Fig. B- 1 , and obtain T 2 = 
471°R. 

Equation (11-166) can be converted into a volume ratio by substituting p = RT 


_ Pr\I T2 

Ti/V[_\s = c pr\ ^2j« = r pn/Ti 


The form of Eq. (c) suggests defining a relative volume Vr as 


Vr = 


1^ 

Pr 


By substituting Eq. (ll-17a) into Eq. (c). 


'^1 


Vr2 


(c) 


(ll-17o) 


(11-176) 


Hence, the ratio of two relative volumes is equal to the isentropic volume ratio. 

Example 4. A pound of dry air is compressed in a reversible adiabatic nonflovv 
process through a compression ratio (a volume ratio) of 6 from an initial state of 14.7 
psia and 60.3°F. Determine the final state and the work required. 

Solution. From Table B-9 at 520*"R, 


Vri — 158.58 ui — 88.62 Btu/lb^ pri = 1.2147 


From Eq. (11-176), 


Vr2 = 


Vrl 

Vi/V2 


158.58 

6 


26.43 


For this value of Vr 2 , from Table B-9 


T 2 - 1050°R U 2 = 181.47 Btu/lb,„ 
From Eq. (11-166), 


Pr 2 — 14.686 Ans. 



THE IDEAL GAS AND MIXTURE RELATIONSHIPS 


191 


From Eq. (4-4d), 

Aw) - wi - - 88.62 - 181.47 * -92.85 Btu/lb^ Ans. 

Also, by definition, 

hi ~U2 + piVi - U2 + RTi - 181.47 + “ 253.4 Am. 

And this value checks that in Table B-9. 

11-9. General Relationships between Mass and Mole Units, f Con¬ 
sider a mixture made up of constituents a, h, and c. The mass of mixture 
must equal the sum of the masses of the constituents, 

m = via + nib + nic (11-18) 

The composition of a mixture is best evaluated if the mole is used as the 
mass unit. The total number of moles in the mixture is defined as 

n = Ha + Ub + Uc (11-19) 

The mole fraction x of constituents a, 5, and c is defined as 


Ua Ub 

Xa — I”'' I ^6 — I 1 ^1 

na + nb ~T Uc Ua ~T Ub -T 

and therefore Xa + Xb + Xc = 1.0 

Mole and mass units are related by 


Uc 

Wa + n6 + Uc 


(ll-20a) 


(11-206) 


m = nM and n = ^ 

where M is the molecular weight. Then, from Eq. (11-18), 

nM — UaMa + UbMb + UcMc — m (a) 

and the molecular weight of the mixture is determined, 

M = XaMa + XbMb + XcMc (11“21) 

It should be recalled (Art. 3-5) that the mole unit allows a universal 
gas constant Ro to be used for all gases, while the pound or gram units of 
mass demand a specific gas constant that has different values for different 
gases. Hence, if a mass unit other than the mole is to be used for the 
mixture, a specific gas constant must be determined. The specific gas 
constant can be found from the relationship between the molecular 
weight and the universal gas constant, 

ft = (3-6a) 

t It will be especially helpful in studying this article if the student will write out, 
in words, the meaning of each equation. 
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Equation (3-6a) can be used for either mixture or constituent. 

11-10. Mixtures of Ideal Gases. In a mixture of gases, each constitu¬ 
ent occupies the entire volume and displays the common temperature 
while exerting only a fraction of the entire pressure. The premise under¬ 
lying ideal-gas mixtures is that each constituent is unaffected by the 
presence of other constituents. It follows that the equation of state for 
ideal gases can be substituted in Eq. (11-19), 

n = Ua + rib + ric 

PV _ PaVa , PbVb , PcVc 

RoT RoTa RoTb RoTc 
But 1 = Va — Id = Vc T = Ta = Tb — Tc 

and therefore p = Pa + Pb + (ll-22a) 

Equation (ll-22a) expresses Dalton’s law of partial pressures: 

The pressure of a mixture of ideal gases is equal to the sum of 
the partial pressures which the constituent gases would exert 
if each existed alone in the mixture volume at the mixture 
temperature. 

For the conditions of Dalton^s law applied to the mixture and to one 
of the constituents, 

PiVj ^ UiRoTj 

pV uRqT 

and here Vi = V Ti — T 

Hence —1 = — = Xi p^ = Xip (11-226) 

p \v,T n ^ \v,T 

Equation (11-226) shows that the partial pressure and the mole fraction 
of the constituent are proportional. 

A slightly different and more imaginary concept can be applied to the 
mixture of gases. Suppose the mixture to be divided by imaginary parti¬ 
tions into spaces each occupied by a separate constituent. Each con¬ 
stituent, then, would exert the mixture pressure and temperature while 
occupying only a partial volume of the mixture. With this concept in 
mind, the perfect-gas equation can be again substituted in Eq. (11-19), 

n = Ua + Ub + Ur. 
pV ^ PaVg , PbXb , PcYc 
RoT RoTa Rofb SoTc 
But here p = p^ = p^^ = p^ T = Ta = Tb = Tc 

and therefore V = Va + W + Tel (ll-23a) 

JP,TX 

t These subscripts indicate that the pressures are to be evaluated at the tempera¬ 
ture and volume of the mixture. 

X All volumes are measured at the pressure and temperature of the mixture. 
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Equation (ll-23a) expresses AmagaVa law, also called Leduc'a law: 

The volume of a mixture of ideal gases is equal to the sum of 
the partial volumes which the constituent gases would occupy 
if each existed alone at the pressure and temperature of the 
mixture. 


The partial volume, like the partial pressure, is related to the mole 


fraction. 

PiVi 

riiRnT, 


pV 

nRoT 

and here 

p = Pi 

T = T, 

Hence 


Vi = 


V jp.T n 



(11-236) 


It is evident by Eq. (11-236) that mixture and constituents have identical 
molar specific volumes. 


Example 6. A mixture of 10 lb,n of oxygen and 16 Ibm of nitrogen has a pressure 
of 50 psia and a temperature of 60°F. Determine for the mixture (a) the mole frac¬ 
tion of each constituent, (6) the average molecular weight, (c) the specific gas constant, 
(d) the volume and density, (e) the partial pressures and partial volumes. 

Solution, (a) The molecular weights of the constituents are found in Table B-6. 
The moles of mixture are 


The mole fractions are 


no * = 0.3125 mole 

ns - ^ 28 ^q 2 * 

n * 0.8475 mole 


0.3125 
** 0.8475 

« 0.369 

Ans. 

0.5350 
“ 0.8475 

* 0.631 

Ans. 


1.000 



(6) The molecular weight is obtained from Eq. (11-21), 


or by 


Af = xoMo + xnMn » 0.369(32.0) + 0.631(28.02) « 29.5 
25 

as — 

n 


Ans. 




= 29.5 


Ans, 


0.8475 

(c) The specific gas constant is found by 
p lio 1,545 


Af 


29.5 


52.37 


lb/ ft 
lb,„ °R 


Ans. 


(d) The volume of the mixture is also the volume of each constituent, 

y wm ^ npRoT nuRoT ^ mRT 0.8475(1,545)(520) ^ g £^s 

p po pn p 50(144) 


Ans. 
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The density of the mixture is 


1 p ^ 50(144) 
r “ /?oT 1,545(520) 


0.00896 mole/ft 3 


Arts. 


and since M = 29.5, 


p = (29.5 lb,„ /mole)(0.00896 mole/ft 3) = 0.264 lb,n/ft3 Ans. 
ie) The partial pressures are found by Eqs. (11-226): 

Vi = XrP 

Vo = 0.369(50) = 18.45 psia A ns. 

Pn = 0.631(50) = 31.55 psia Ans. 

50.00 psia 

and the partial volumes by Eqs. (11-236), 

V, = XiV 

Vo = 0.369(94.5) = 34.85 ft^ Ans. 

En - 0.631(94.5) = 59.65 ft^ Ans. 

94.5 ft^ 


11-11. Volumetric and Gravimetric Analyses. The constituents of 
a mixture are reported as volume or mass fractions of the entire mixture. 
The analysis based upon the measurement of volumes is called the volu¬ 
metric analysis, while the analysis based upon measurements of mass is 
called the gravimetric analysis. 

Experimentally, the volumetric analysis is usually made on a sample 
of the mixture at atmospheric pressure and temperature, and the volumes 
of the constituents are also measured at these conditions. Since the 
pressure is low, the gases should behave ideally and the volume analysis 
should be directly proportional to the partial volumes, 

F = F, + n + F.]^ ^ 

and, by Eqs. (11-236), 

Xi — — = = volume fraction of constituent i 

n V 


The mass, or gravimetric, analysis reports each constituent on a mass 
basis, 


m = ma + mb + me 


m' 

— = mass fraction of constituent i 
m 


(11-24) 


The mass analysis may also be an ultimate analysis; here the mass frac¬ 
tions are for the basic chemical elements of the mixture. 
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Example 6. A gas analyzes by volume 12 per cent CO2, 4 per cent O2, and the 
remainder N 2 . Determine the gravimetric analyses. 

Solution 

Volumetric % -i- 100 = mole fraction 
(Mole fraction) X M = relative mass 


Component 

Volumetric 

% 

Mole 

fraction 

M 

Relative /\hm constituent^ 
mass y mole mixture J 

CO2 

12.0 

0.12 

44.0 

5.28 

O2. 

4.0 

0.04 

32.0 

1.28 

No. 

84.0 

0.84 

28.02 

23.52 


100.0 

1 

1.00 


30.08 =* M for mixture 


Note that the average molecular weight of the mixture is obtained by adding the 
figures in the last column of the table. 

The gravimetric analysis for the constituents is 

^ “ ii = or 78.2% An. 

1.000 100.0% 


The ultimate analysis is 
Carbon in carbon dioxide: 


i?i4(5.28) = 1.44, and 


1.44 

30.08 


is 0.0478, or 


4.78% C 


Ans. 


Oxygen in carbon dioxide: 

3,ai4(5.28) = 3.84 
Oxygen in gas *= 1.28 

Total oxygen « 5.12, and is 0.1702, or 17.02% O Ans. 

•jU.Uo 

23 52 

Nitrogen in gas * 23.52, and -■ ' ^ is 0.782, or 78.2% N Ans. 

ou.Uo 

Total * 100.0% 

11-12. The Properties of the Ideal-gas Mixture. A mixture of ideal 
gases is characterized by the complete indifference of each constituent 
to the presence of other gases. For example, the pressure of the mixture 
is hut the sum of the partial pressures, 

p = Pa + Pb + Pc+ • • •jj.y (ll-22a) 

In similar manner, the internal energy of the mixture is equal to the sum 
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of the internal energies of the constituents; each constituent is considered 
to exist alone in the mixture volume, and the value of the whole is equal 
to the sum of the values for the parts. It then follows that the same 
additive rule applies to other properties: 


nu = naUa + UtUt + TlcUc + • • • 

(11-25a) 

nh = Haha + Ubh + n,K + • • 

(11-256) 

nc = UaCa + TlbCb + ricCc + ■ • • ] ^ 

(11-25C) 

ns = ItaSa + ribSb + TlcSe + ’ ' ’ 

(ll-25rf) 


In the above equations, substitution of mass m can be made for moles 
n, and the properties of the mixture will be based on a mass unit such 
as the pound. 

These equations specify that the properties of the constituents should 
be evaluated at the temperature and volume of the mixture, for each 
constituent occupies the entire volume. But for ideal gases the proper¬ 
ties of internal energy, enthalpy, and heat capacity are dependent only 
upon temperature, and therefore the volume need be considered only 
when Eqs. (ll-25a) to (ll-25c) are arbitrarily extended to evaluate mix¬ 
tures of real gases, (It should be remembered, however, that the entropy 
of either an ideal or a real gas is not dependent on temperature alone.) 

The changes during a process of the properties of internal energy, 
enthalpy, and entropy of the mixture are of importance. Upon differ¬ 
entiating Eqs. (11-25) and dividing by n, the moles of mixture (and the 
division restricts the following equations to mole units), 


du = Xa dUa + Xb dUb + Xc dUc + • • • 

dh — X(^ dha I X'b dhb t dhc I 

ds = Xa dsa + Xbdsb Xc dsc + ' ' ' (ll-25e) 

Introducing the ideal-gas relationships, Eqs. (3-85) and (3-8d), 

du = (XaCra + XbCrb + XcCrc ) dT 

Cvin dT (ll-26a) 

dh = (XaCpa + XbCpb + ^c^pc) dT = CpmdT (11-265) 

Therefore, c^m Cpm — ^XiCpi 

Equations for the entropy of a mixture can be found from Eqs. (11-3). 
For example, when Eq. (11-35) is substituted in Eq. (ll-25e) (considering 
a mixture of only two constituents), 
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but the mole fraction x is a constant; hence, from Eqs. (11-226), , 

Pi = Xip and ” = Xi = — therefore, ^ ^ ^ (Jb) 

^ ^ dp p Vi V 


Substituting Eq. (6) in Eq. (a) gives 



ds = (XaCpa + XtCjih) ^ — Re ^ 

(ll-27o) 

Equations 

(ll-3a) and (ll-3c) can be treated in similar manner, it being 

noted that 

dvi dv . ,, 

— = — because riiVi == V = nv 

Vi V 


to yield 

ds = {XaCra + XbCrb) + /Co — 

(11-276) 


ds — {XaCpa + XbCpb) — -f (XoC„o + XbCyb) “ 

V p 

(ll-27c) 


Of course, these results could have been anticipated. Equations (11-27) 
merely show that, after the heat capacities of the mixture have been 
determined, the mixture can be treated as if it were a single-constituent 
system. Such a procedure has already been followed whenever air, 
which is a gas mixture, was the main substance studied. 

Example 7. A mixture of 1 mole of oxygen and 2 moles of nitrogen is in a tank 
at a temperature of 86.6°F and a pressure of 12.7 psia. Determine the entropy of 
the mixture if each constituent is assigned a datum-state value of zero entropy at 
1 atm and 0°P\ 

Solution. The mole fractions are 


XO ^ H XN * H 

and the partial pressures are 

po = 3^^(12.7) » 4.23 psia pn = H{12.7) » 8.46 psi 
hVom Table B-6, 

Cpo * 7.01 Btu/(mole)(°R) CpN ** 6.96 Btu/(mole)(°R) 
Equation (11-36) can be used for each constituent, 

, dT dpi 

dsi = Cpi —fp Ra 

1 Pi 

^ , 546.6 , 1 4.23 

«o “ A«o * 7.01 In - 1.986 In 

- 1.21 -f 2.48 « 3.69 Btu/(mole)(‘’R) 

»N - A»n - 6.96 In - 1.986 In 

40U 14./ 

- 1.202 + 0.318 - 1.52 Btu/(mole)(°K) 
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With these values substituted in Eq. (ll-25d), 

S ^ns ^ no«o + mss =» 1(3.69) + 2(1.52) - 6.73 Btu/°H Ans. 

Example 8. The mixture in Example 7 is cooled at constant volume to a temper¬ 
ature of 50°F. Determine the change in internal energy and in entropy. 

Solution. From Table B-6, 

CrN = 4.97 Btu/(mole)(°H) (\o = 6.02 Btu/(mole)(°R) 
and by Eq. (ll-26a) written in the form 

n Au = (nNCiN + a<,c,o)(7’> — Ti) 

AU = [2(4.97) -h l(5.02)l(-36.6) = -547 Btu .4r?s. 

The change in entropy for the mixture is found by Eq. (11-276) integrated for con¬ 
stant-valued heat capacities: 

n As - {n-oCoo + wnc.n) In T,r + 6 

i I 

AS = [1(5.02) + 2(4.97)1 In = -1.012 Btu/°R 
54o.o 

11-13. The Irreversible Mixing Process. f Suppose that several gases, 
all at the same temperature and pressure, are to be mixed together. For 
example, in an isolated system each gas could occupy a separate parti¬ 
tioned space in a large insulated tank; when the partitions are removed, 
the gases will individually expand to fill the entire volume. For real 
gases, such an adiabatic mixing process is not necessarily either an iso¬ 
thermal or a constant-pressure process. But when ideal gases are mixed, 
each gas undergoes a free expansion to the total volume and to its partial 
pressure in the mixture; the total pressure remains unchanged at the 
common initial value for the unmixed constituents because a free expan¬ 
sion of an ideal gas does not change the temperature (Art. 3-5). For this 
reason, mixing does not affect the values of internal energy, enthalpy, or 
heat capacity for the constituent gases because these properties are 
functions only of temperature. However, Eq. (ll-4a) shows that the 
entropy of each constituent will increase during the free expansion, and 
thus the entropy change of mixing is positive. This increase is to be 
expected because mixing is an irreversible process: whenever an irre¬ 
versible process occurs, the entropy of the isolated system will increase 
(Art. 7-6). Moreover, if the temperatures of the gases before mixing 
are unequal, the irreversibility of mixing is increased, as shown by the loss 
in availability (Art. 7-9). 

Example 9. A mole of oxygen at 30 psia and 60°F is in a container that is con¬ 
nected through a valve to a second container filled with 2 moles of nitrogen at 10 psia 
and 100°F. The valve is opened, and adiabatic mixing occurs. Determine the 
equilibrium temperature and pressure of the mixture. 

t The reversible mixing process is introduced (indirectly) in Art. 16-7. 
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Solution. For this isolated system, the First Law shows that the change in internal 
energy is zero. Values of Mcv from Table B-6 are substituted in Eq. (ll-26a), and the 
equilibrium temperature is computed, 

n Au ■* noCvo{AT)o •+• wnCbn(AT)n * 0 

l(5.02)(f - 60) -h 2(4.97) (f - 100) * 0 f = 86.6°F Ans. 


The pressure is found from the ideal-gas equation of state after the volumes of the 
tanks have been computed. 


pV = nRaT 

1(1,545) (520) 
30(144) 


Vo 


186.2 fts 


. 2(J,545)(560) ^ j .>^3 0 ft^ 
^ 10(144) 

Total = 1,389.2 ft^ 

The mixture pressure is 

nRoT 3 (1,545) (546.6) 


P 


1,389.2(144) 


= 12.7 psia Ans. 


Example 10. Compute the change in entropy for each gas and for the mixing 
process in Example 9. 

Solution. The change in entropy of each constituent is found by 


As =* Cv In^ + /?o In — 

1 1 Vi 


!l-4a) 


As — (As from change in temperature) + (As from change in volum / 
For the oxygen: 


no Aso •= 1(5.02) In -1— + 1.986 In 

620 loo.J 


For the nitrogen: 


0.246 4- 3.985 = -f4.231 Btu/°R Ans. 


nn Asn = 2(4.97) In + 2(1.986) In 

•= -0.236 +0.556 = +0.320 Btu/°R Ans. 
The increase in entropy for the process is 

AS - Un As « 4.231 -f 0.320 - +4.551 Btu/°R Ans. 


This can be divided into two parts: that part caused by the temperature equalization 
and that part caused by the expansion (mixing). 

Zn As == (+0.246 - 0.236) + (3.985 + 0.556) 

AS « +0.01 + 4.541 - +4.651 Btu/°R 


11-14. The Isentropic Process. After the properties of the gas mixture 
have been determined, analysis of state changes during a process can 
be made in the same manner as for a single-constituent system. The 
isentropic process is of special interest. Note that if (*onstant values of 
the constituent heat capacities are substituted in Eq. (ll-27c) the equa¬ 
tion will integrate into the familiar form pv^ = C. If greater accuracy 
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is desired, mean values of the heat capacities can be used in determining fc, 
as illustrated in Example 2, or, better, Eqs. (ll-27a) and (11-276) can be 
integrated in the manner illustrated in Art. 11-8. 

The isentropic process for the mixture does not necessarily dictate an 
isentropic process for each constituent but, rather, that 

^^mixturc 0 (<Z) 

and therefore, for a two-constituent mixture, 

ASa + ASb = 0 ( 6 ) 

Consider that the derivation of Eq. (ll-27a) shows that 


, _ dT dp 

^p,miT rrt /to 

1 p 


dSfx fjj ~ -/v 0 


V 


, _ dT r> dp 

uSb — Cpb rn ^0 

1 p 


(c) 

id) 

ie) 


If it is premised that the constituents, as well as the mixture, are to be 
isentropically compressed or expanded, inspection of the above equations 
decrees that this is possible only if 


Cp.nnix Cpa CpJ 

Therefore, kmiT = ka = h 

The other alternative for satisfying Eqs. (a) and (6) would be that the 
entropy of one constituent increased while the entropy of the second 
constituent decreased. In a compression process (that is, T 2 > Ti, 
P 2 > P\)y suppose that ASa is positive ( + ); then, ASi must be negative 
( —), and Eqs. (c) to (e) show for this case that 

Cpa > Cpb then ka < h 

because Cp — Cv = Rq (a constant). 

Example 11. A mixture of 1 Ibm air and 0.94 Ib^ steam has a pressure of 50 psia 
and a temperature of 250°F. If this mixture is isentropically compressed to 100 psia, 
find (a) the final temperature and (6) the change in entropy for each constituent. 
Solution, (a) The mole fraction of each constituent is 

- ry—PnaA n i ~ 0 398 *„ = 1.0 - x. - 0.602 

1^9 + 0.94/18 

Equation (ll-27a), for the isentropic process, is 

A I _L \dT dp 

ds * (XaCpa “f" XuCpw) m ^0 *“ 0 

i p 
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The heat capacities will be assumed to be constants, for simplicity, with values 
selected from Table B-6, 

[0.398(6.96) + 0.602(8.02)1 In ^ = Bo In 

7.59 i; In = 1.986 —In ^ (/) 

mole II Ti mole R pi 

Zj - 

Vpi/ 

T 2 - 710(2)» *•* - 85rR Ans. 

Note that Eq. (/) is equivalent to 


1 ^2 D I P2 

Cjj.mix lU — lio In 

i 1 Pi 




Hence, the average for this mixture is equal to 


= 0.262 or 


(b) The change in specific entropy of the air equals 

ASa Cpa In ^ — Rq\i\ — 

1 1 pi 

* 6.96 In 85^10 1.986 In 2 - -0.105 Btu/(mole)(°R) Am. 

and the total change in entropy of the air is 


ASa = Ua ASa 


-0.00362 Btu/®R Ans. 


The change in entropy of the water vapor is equal to the change in entropy of the air 
but of opposite sign, 

ASv, = -1-0.00362 Btu/°R Am. 
and therefore the change in specific entropy of the water vapor is 
Asu. =* ^-0.0693 Btu/(mole){°R) Am. 


11-15. Gas and Vapor Mixtures. When a liquid is placed in a greater 
space than its volume, it will evaporate as a vapor into the space above 
the liquid. This is because the molecules within the liquid move at 
various velocities; the higher-velocity molecules have sufficient energy 
to overcome the surface restraint and leave the liquid. When the liquid 
is confined in a closed volume, vapor molecules will strike the liquid sur¬ 
face and be condensed or held by the potentia’ attractive forces of the 
liquid. Thus, the pressure exerted by the vapox will assume an equilib¬ 
rium and maximum value when the rate of vaporization of liquid is 
balanced by the rate of condensation of vapor. For this equilibrium 
between saturated liquid and saturated vapor, the pressure is called the 
vapor pressurey and it is a function of the temperature (Fig. 9-2). (As 
commonly stated, the boiling temperature of the liquid is controlled by 
the pressure.) The vapor pressure is independent of the relative amounts 
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of vapor and liquid present because both the rate of vaporization and the 
rate of condensation are proportional to the liquid surface; changing the 
area of the liquid surface will change the time for reaching equilibrium, 
but such a change will not affect the equilibrium pressure. 

At low pressures, other gases than the vapor from the liquid can be 
present in the confined space without seriously interfering with the 
molecular activities of vaporization and condensation. Because of this 
fact, the vapor-pressure-temperature relationship for the pure substance 
can be applied to a low-pressure system of one liquid constituent and 
several gaseous constituents to predict the maximum partial pressure of 
the vapor. In this instance, the mixture of gases is commonly said to be 
saturated with the vapor from the liquid constituent, although, to be 
precise, it is the vapor and the liquid which are saturated. If the tem¬ 
perature of this mixture is raised, the liquid may disappear and, for any 
additional increase in temperature, the vapor will be superheated. Here, 
no liquid component is present—only gases; hence, the partial pressure 
of the superheated vapor is proportional to its mole fraction. 

Example 12. A pound of air saturated with water vapor is in a tank at a temper¬ 
ature of 250°F and a pressure of 50 psia. Determine the volume of the tank and the 
amount of water vapor present in the mixture. 

Solution. The vapor pressure and specific volume of the saturated vapor are 
found from the Steam Tables for a temperature of 250°F. (Here the subscript s will 
be used instead of w because the water vapor is saturated.) 

I =* 250°F p, = 29.825 psia v, = Vu of the Steam Tables = 13.821 ftVlbm 


The pressure of the air is found by Dalton’s law, 

p = Pa + p* pa = 50 — 29.825 = 20.175 psia 
The volume of the tank is the volume occupied by the air, 

pv = nRT V = - 13.02 ft» A,,.. 

This volume is also the volume occupied by the water vapor: 

— — m, m, =» = 0.94 Ibm steam Ans. 

Vf lo.oZl 

(Note that these data are the same as in Example 11.) The answer can be closely 
checked by Eqs. (11-226), 


Xb 


and by Eqs. (ll-20a), 


Xb 


m. 


21 « 29.825 
p * 50 


0.597 


Ub m,/18 

Ub -f- n« w,/18 + ^9 
0.922 lb« Ans. 


0.597 
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Example 18. Ethyl alcohol is to be used in an automobile carburetor that is 
adjusted to give a 9:1 air-fuel ratio (a mass ratio). If the temperature in the manifold 
is 60°F and the pressure is atmospheric, what percentage of the alcohol will be evapo¬ 
rated, assuming that equilibrium between vapor and liquid is reached? (Vapor pres¬ 
sure of the alcohol at 60®F is 0.64 psia, and its molecular weight is 46.) 

Solution 


X, 


Xt 

m. 


p, OM 
p “ 14.7 

n, 

- SB 

n« -h Ua 
0.65 lb„ 


- 0.0435 

m,/46 

m,l4& -f 


0.0435 


(11-226) 

(ll-2na) 


Hence, for every pound of liquid fuel metered by the carburetor, 0.65 Ib,^ should be 
evaporated in the manifold, or 65 per cent vaporization under ideal conditions (yln«.). 

In the actual engine, a lesser amount is vaporized because sufficient time is not avail¬ 
able to allow phase equilibrium to be reached. 

Example 14. A mixture contains 1 Ib^ of dry air and 0.01 Ibm of water at a pres¬ 
sure of 20 psia and a temperature of 80®F. Determine the partial pressure of the 
water vapor. 

Solution. Here whether or not the air is saturated with water vapor is unknown. 
If it were saturated, the pressure of the vapor would be (Steam Tables, 80®F) 

p, = 0.5069 psia 

and this is the maximum pressure that water vapor can exert at 80®F. On the other 
hand, if the 0.01 Ib^ of water were superheated vapor, its partial pressure would be 
proportional to the mole fraction. 

Since this pressure is less than the saturated pressure, the vapor must be superheated. 
^ Thus, for a temperature of 80°F, a greater amount of water vapor than 0.01 Ib^ is 
required to saturate 1 Ibm of air (and so raise the pressure to the limiting value of 
0.5069 psia). 


PROBLEMS 

The following points are to be borne in mind in solving the problems: 

1. A diagrammatic sketch of the system must be drawn showing the boundaries and: 

(а) Initial and final properties 

(б) All transfers of heat, work, and mass 

(c) All other given data {n values, etc.) 

2. Note especially whether or not the initial and final states can be identified (recall 
that two properties usually fix the state). In most problems, only one property 
is apparently given for either the initial or the final state. Here the path equation 
(pi;” »« C) or the wording (isentropic or s — C, etc.) will yield the missing data. 
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3. Determine from the data whether or not the process is reversible, and use this 
knowledge in selecting equations. For example, the First Law energy>balance equa¬ 
tions [Eqs. (4-4d) and (5-7d)] are valid for reversible or irreversible processes and are 
simple to use. Note that a solution from Eq. (4-4d) or (5-7d) will agree with that 
from, for example, Eq. (11-6) or (ll-7a) if the process is reversible. 

4. Beware of involved equations such as Eq. (11-76). Use, instead, Eq. (ll-7a) in 
the manner of Example 1. 

5. Illustrating the process on the Ts and pv diagrams may make the solution 
obvious. 

6. Gas-constant values can be found in Table B-6. 

7. Answers to be Btu units, and for work answers show also units of foot pound 
force. Mass unit is to be the pound mole or pound mass as implied by the statement 
of the problem. If in doubt, answers are to be expressed in both units. 

8. Heat-capacity values are assumed constant unless otherwise stated. 

9. All gases are assumed to behave perfectly unless otherwise stated. 

10. Atmospheric pressure is 14.7 psia. 

1 . A tank contains 5 ft^ of nitrogen at 200 psia and 200°F. The tank is cooled until 
the temperature of the nitrogen is 60°F. Determine the amount of heat transferred 
from the nitrogen, the final pressure, the change in entropy, and the change in enthalpy. 

2 . A constant volume of air is cooled by transfer of 40 Btu of heat until the pressure 
is 30 psia. If the initial temperature is 300°F and the initial pressure is 100 psia, 
determine the final temperature, change in entropy, change in enthalpy, and the 
work done. 

3. Three pounds of air confined in a closed tank is heated until the enthalpy is 
increased 40 Btu/lbm. If the initial pressure is 100 psia and the final temperature is 
400°F, determine the change in internal energy. 

4 . Oxygen is confined in a tank under a pressure of 100 psia and at a temperature 
of 300°F. If this gas is cooled until the entropy decreases by 0.264 Btu/(lbr„)(®R), 
what will be the final pressure? 

6. A pound of air at 100°F and 20 psia is expanded at constant pressure until the 
entropy has changed by 0.3 Btu/(lbm)(°R). Determine the final temperature, heat 
transferred, and change in enthalpy and internal energy. 

6. A mole of air at 14.7 psia and 60°F is heated at constant pressure until the volume 
is tripled. Determine the work, change of internal energy, entropy, and amount of 
heat transferred. 

7 . A gas is compressed at constant temperature from 15 psia and 25 ft® to 105 psia. 
Compute the work and heat transferred and the change in specific entropy, internal 
energy, and enthalpy. Repeat, assuming a flow process with negligible kinetic energy. 

8. Air at 60°F is isothermally compressed to 200 psia while the volume is halved 
and the entropy decreases by —0.5 Btu/°R. Compute the initial volume, mass, heat, 
and work transferred. 

9. Two pounds of methane is isothermally compressed at 60°F while 200 Btu of 
heat is transferred, (a) Find the pressure and volume ratios of compression. (6) If 
the final pressure is 80 psia, find the change in entropy and the original pressure. 

10. A pound of air is expanded in a poly tropic nonflow process with n — 1.2 from 
Pi = 100 psia and ti = 260°F to <2 = 60°F. Find the heat and work transferred and 
the change in entropy, enthalpy, and internal energy. 

11 . A pound of air is compressed in a poly tropic nonflow process from pi =* 20 psia 
to p 2 — 100 psia while the entropy increases by 0.046 Btu/(lbm)(°R). Determine 
the value for n. 
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12 . A gas is expanded from a pressure of 100 to 10 psia with corresponding volume 
of 2.3 ft* while work of amount 10 Btu is done. Find the value of n for this nonflow 
process. (The final equation can be solved by trial.) 

13. Hydrogen is compressed along a poly tropic path for which n “ 1.2. The 
initial pressure is 20 psia, temperature is 80°F, and volume is 5 ft*. The work added 
is 10 Btu (closed system). Compute the heat transferred and change in entropy, 
enthalpy, and internal energy. 

14 . One mole of nitrogen expands isentropically in a nonflow process from pi « 100 
psia to p 2 = 10 psia. If the initial temperature is 100°F, find the heat and work trans¬ 
ferred and change in internal energy, enthalpy, and entropy. 

15 . Air at 15 psia with volume of 10 ft* is isentropically compressed in a nonflow 
process by transfer of 60 Btu of work until the temperature is 375°F. Find the mass 
of air, change in enthalpy and internal energy, and initial temperature. 

16 . A pound of air at a pressure of 25 psia and a temperature of 60®F is isentropically 
compressed until its enthalpy has increased by 50 Btu. It is then isothermally 
expanded to the original pressure and, finally, cooled at constant pressure to the 
original state. Find the work and heat transferred and the change in entropy for 
each nonflow process and for the cycle. Find the cycle efficiency. 

17 . A mole of air at 60°F is compressed along a polytropic path for which process 
n = 1.5, expanded isentropically to the initial temperature, and, finally, isothermally 
compressed back to the initial state with abstraction of 700 Btu of heat. Compute 
the heat and work transferred for each nonflow process and for the cycle. 

18. A pound of nitrogen at 60°F is heated at constant volume until the pressure is 
doubled, expanded along a polytropic path (n = 1.2) to the initial pressure, and, 
finally, cooled at constant pressure back to the initial state. Compute the heat, work, 
and change in entropy for each non flow process and for the cycle. 

19. A pound of methane at 80°F is heated at constant pressure until the volume is 
doubled, compressed isothermally to the original entropy, expanded along a poly¬ 
tropic path (n = 1.2) to the initial volume, and finally cooled to the initial state. 
Compute the heat and work transferred for each non flow process and for the 
cycle. 

20 . A steady flow of air enters a system at a pressure of 15 psia and 60°F and leaves 
the system with pressure of 15 psia but temperature of 600°F. Find the heat and 
work transferred and change in entropy and enthalpy {/\KE w 0). 

21 . Nitrogen is isothermally compressed in a steady-flow system from 35 psia 
and 60°F to a state with entropy —0.2 Btu/(lbm)(°R) less than the initial value. 
Determine the heat and work transferred if the mass-flow rate is 2 Ibm/sec and 
6.KE « 0. 

22 . Methane enters a system at low velocity and with pressure of 100 psia and 
temperature of 400°F and leaves the system at a pressure of 10 psia. (a) What is 
the maximum amount of kinetic energy that can be realized from this expansion if no 
heat or work is transferred? (5) Compute the maximum amount of work that can 
be obtained under the same conditions, (c) If the kinetic energy realized in (o) is 
dissipated within the flow system (throttling), what will be the temperature of the 
exit fluid (at pressure p 2 = 10 psia)? 

23 . Air enters a compressor at pi « 14.7 psia and t\ 60°F and leaves at p* * 40 
psia and U = 252°F. Determine the work required if no heat is transferred. Can 
you prove that this process is irreversible? 

24 . A mole of carbon dioxide at 500 psia undergoes a constant-pressure nonflow 
process with the temperature changing from 1000 to 1100°R. Calculate the reversible 
work by the van der Waals equation and by the perfect-gas laws. 
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26 . A mole of carbon dioxide at 500 psia undergoes an isothermal and reversible 
nonflow process at 1000°R until the volume is doubled. Calculate the work by the 
van der Waals equation and by the ideal-gas laws. 

26 . A pound of air is heated at constant pressure from 60.3 to 1050.3®F. Deter¬ 
mine the change in internal energy, enthalpy, and entropy and the values for heat and 
work transfers for this process, t 

27 . Air at 14.7 psia and 60.3°F is reversibly and adiabatically compressed to 147 
psia. Determine the final temperature, f 

28 . Air at 14.7 psia and 60.3°F is reversibly and adiabatically compressed to 700.3°F. 
Determine the final pressure.! 

29 . Air at 14.7 psia and 60.3°F is irreversibly and adiabatically compressed to 
147 psia and a temperature of 540.3°F. Compute the change in entropy, t 

30 . Compressed air at 50 psia and 100°F is throttled through a globe valve to a 
pressure of 30 psia. The initial and final velocities of the air are negligible. For 
this adiabatic process, determine the work and changes in entropy, enthalpy, and 
internal energy.! 

31. Is Eq. (11-11) valid for irreversible isothermal processes? Discuss. 

32 . For a nonflow compression process between definite pressure limits, determine 
whether isothermal or isentropic compression will require the least work, or whether 
a decision can be made. What conclusions can be made for the inverse expansion 
process? 

33 . A mixture of 5 Ibn, of argon, 10 Ib^ of nitrogen, and 10 Ib^ of methane has a pres¬ 
sure of 20 psia and a temperature of 100®F. Determine for the mixture (a) the 
molecular weight, (6) the partial pressure and partial volumes, and (c) the molar 
volume (volume of 1 mole of mixture). 

34 . Repeat Prob. 33, but assume that the mixture consists of 2 moles of oxygen and 
3 moles of hydrogen. 

36 . A mixture, containing 26 lb„i of nitrogen and the remainder oxygen, occupies a 
volume of 100 ft* at a pressure of 75 psia and temperature of 60°F. Determine the 
molecular weight of the mixture and the partial pressure of the nitrogen. 

36 . Repeat Prob. 35, but assume that the mixture contains 0.3 mole fra(^tion of nitro¬ 
gen and 0.7 mole fraction of oxygen. 

37 . A mixture of 0.1 mole of oxygen and the remainder carbon dioxide occupies a 
volume of 100 ft* at a pressure of 200 psig. If the partial pressure of the carbon 
dioxide is 150 psia, what is the temperature of the gas? 

38 . Derive the relationship mR = rriaRa + rrihRb + rricRc. 

39 . Determine the volumetric analysis for the data of Probs. 33 to 37. 

40 . Determine the gravimetric and ultimate analysis for the data of Probs. 33 to 37. 

41 . A mixture of 30 per cent nitrogen and 70 per cent carbon dioxide (by volume) 
has a temperature of 200°F. Calculate the internal energy and enthalpy of this mix¬ 
ture above a datum of 0°F for the internal energy (\ise variable-heat-capacity relation¬ 
ships) on a mole and also a pound mass basis. 

42 . Repeat Prob. 41, but for a temperature of 600°F. 

43 . Ten pounds mass oxygen at 100 psia and 2(X)°F is in a container that is con¬ 
nected through a valve to a second container filled with 20 Ibm carbon dioxide at 
50 psia and 100°F. The valve is opened, and adiabatic mixing occurs. Determine 
the final pressure and temperature. 

44 . Repeat Prob. 43, but assume that the second tank contained 0.5 mole of 
nitrogen. 


! Use Table B-9. 
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45 . Repeat Prob. 43, assuming that the process was not adiabatic and that 10 Btu 
of heat was transferred to the surroundings during (and not after) the mixing process. 
(Use constant values for the heat capacities.) 

46 . Determine the probable volumetric analysis for the data of Prob. 43. 

47 . Compute the change in entropy for the data of Prob. 43. 

48 . Compute the change in entropy for the data of Prob. 44. 

49 . Compute the change in entropy and enthalpy for the data of Prob. 45. 

50 . A mixture (containing 0.3 mole of air and 0.7 mole of methane is isentropically 
compressed from p\ *= 14.7 psia and h = 60°F to p-z *= 120 psia. (/ompute the final 
temperature of the mixture and the change in entropy for each component. (Use 
constant values for the heat capacities.) 

61 . Repeat Prob. 50, using variable-heat-capacity relationships. 

52 . Repeat Prob. 50, assuming that the final state has a volume one-sixth of the 
original volume (and that p 2 is unknown). 

53 . A mole of air saturated with water vapor is in a tank at a temperature of 300°F 
and a pressure of 100 psia. Determine the amount of water vapor in the mixture. 

54 . If the mixture in Prob. 53 is cooled to 200°F, what will be the pressure? How 
much heat must be transferred in this process? (Use constant value of heat capacity 
for the air and Steam Table values for the water.) 

55 . Compute the change in entropy for the data of Prob. 53. (Use Steam Table 
data for the water.) 

56 . Repeat Example 13, assuming that the temperature in the manifold is 50°F and 
that the vapor pressure is 0.45 psia. 

67 . What must be the pressure in the manifold of the engine in Example 13 if the air 
mixture is saturated? For complete evaporation? (Temperature is 60°F.) 

68. A mixture of 0.2 Ibm steam and 0.2 Ibm air is in a tank at a temperature of 200®F. 
Determine the volume and the pressure in the tank, if possible. 

69 . Determine the heat that must be transferred to raise the temperature of the 
mixture of Prob. 58 to 300°F. 


REVIEW PROBLEMS 

1. For a constant-pressure process, the value of n in pv^ « C is 0, 1.0, k, not 

given. 

2. For a reversible adiabatic process, the heat capacity is 0, Cp, c„, k, not given. 

3. For a reversible constant-temperature nonflow process, the heat capacity is 0, 
Cp, c„, not given. 

4 . For a reversible constant-temperature process from small to large volume, the 
heat transfer is +, —, 0, not given. 

6. When heat is reversibly added to a gas during a process, then work is +, —, 0, 
not given. 

6. When heat is reversibly added to a gas while it expands and while its tempera¬ 
ture drops, then AS is -h, —, 0, «, not given. 

7. For a polytropic expansion to a larger volume with falling temperature, the heat 
exchange is -f, —, 0, not given. 

8. In a reversible nonflow process the pressure (can) (cannot) rise if the volume is 
increasing. 

9 . The entropy change of an isolated system can be 0, + or 0, + or — or 0, 

not given. 

10. The entropy change of an adiabatic system can be +, —, 0, or 0, + or — 
or 0, not given. 
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11. The equation T ds — p dv du holds for (all substances studied) (ideal gases) 
(ideal or real gases). 
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CHAPTER 12 


NONSTEADY FLOW, FRICTION, AND AVAILABILITY 

Give me the money that has been spent in war . . . and I will 
build a schoolhouse in every valley over the entire earth. 

Charles Sumner 


The subjects of nonsteady flow, friction, and availability were intro¬ 
duced previously, but development necessarily had to be delayed until 
the Second Law and process equations were studied. 

12-1. The Emptying Process. The inverse problem to the filling 
process (discussed in Art. 5-10) occurs when the fluid flows Jrom the 
system to the surroundings. If the leaving stream has constant values of 
6/, then, since the algebraic sign of — mi compensates for the flow 
direction, the same equation as before is applicable: 

AQ — ATT = — rriiUi — (m2 — 

In most expansion processes, the velocity V / will change considerably 
with time, and Cj is not constant. An example of this type of flow is the 
reversible adiabatic expansion process with fluid flowing to surroundings 
at constant pressure (Fig. 12-1). Since all elements of fluid leaving the 
system have identical values of pressure and, also, of entropy, all have 
the same final thermostatic state (but each element has a different veloc¬ 
ity). The first element of fluid to escape will expand isentropically in 
the nozzle from Ti, to j> 2 ] it will acquire a relatively high velocity 
while its temperature is reduced to T’ 2 . Succeeding elements of fluid will 
expand from lower system pressures and temperatures to the same exit 
pressure p 2 . Throughout the process, the fluid within the system is also 
expanding isentropically (and, in so doing, pushing fluid from the sj^stem). 
Thus, each element escaping from the system expands from the same 
initial pressure to the same final pressure, temperature, entropy, enthalpy, 
etc. But the velocity of each element leaving the system is progressively 
less as time passes. The first element to leave utilized the entire pressure 
drop to create velocity, succeeding elements experienced a part of the 
expansion within the system and the remainder within the nozzle, and 
consequently the last element to leave the system had negligible velocity. 
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Suppose that a reversible impulse turbine were to be attached to the 
exit of the system of Fig. 12-1. In this manner, the leaving kinetic 
energy (of amount indicated by ZKE) could have been converted com¬ 
pletely into work without changing the enthalpy of the fluid. For this 
process, Eq. (5-4/) becomes 

— AWrev = = 7712^2 “ TTliUi — (m 2 — ^ (12-1) 



Fig. 12-1. The emptying process into surroundings of infinite extent. 


Example 1. A tank with volume of 50 ft^ is filled with air at pi = 100 psia and 
<1 == 240 F. If this air is used to drive a turbine, calculate the maximum adiabatic 
work for expansion to atmospheric pressure. 

Solution. 1 he final temperature of the air in the tank is also that of the high- 
velocity stream, 



Hence, 


m « *= 100(14 4)(50) 

' RTi (1,545/29) (700) 


19.3 lb,„ 


14.7 (144)(50) 
(1,545/29) (405) 


4.9 Ib,„ 


Equation (12-1) for ideal gases becomes 


—AlTrev = c,,{m‘>T2 — yrixT i) — {7)12 — mx)clTf 

= 0.171(19.3(700) - 4.90(405)1 - (19.3 - 4.9)(0.24)(405) 

Alfrov = 572 Btu Ans. 

12-2. Availability and the Steady-flow System. Consider a system in 
steady flow. The availability of the fluid at a coordinate L (at an initial 
state) is the maximum work that can be done while the fluid passes in 
steady flow to the dead state —the state which is in equilibrium with the 
surroundings (Art. 6-1). The dead state can be achieved by: 

1. Reversible steady-flow processes which convert all of the potential 
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energy and essentially all of the kinetic energy into work (Ffin,i —> 0, but 
cannot be zero since flow must continue): 

Aw„, = -AKE - APE « (o) 

.{ ^9c Qc 

2. An isentropic (reversible adiabatic) process to the temperature To 
(isentropic, so that availability is neither added nor taken away by 
transfer of heat): 

= — AAi2 ■■= hi — h2 (6) 

3. A reversible isothermal process at To to the dead-state pressure po 
(and heat transfer at To has zero availability): 

= —A /120 "i” f T ds = — /io “f" To(so — S 2 ) (c) 

To-C J 

All of the work of the steady-flow system, unlike that of the closed 
system, is useful since the boundaries of the system are fixed. The total 
useful work is found by adding together Eqs. (a), (6), and (c): 

S -h,+ Toiso - 8i) id) 

sf \ Qc / 

This work is, by definition, the availability in steady flow: 

= 6/ — T qs — {ho — T oSo) (12-2a) 

(and Ct.f can be positive or negative). The change in available energy 
between two coordinates of the flow system (between two states) is 

Aa,f = Ae/ - To As (12-26) 

Equation (12-26) evaluates the change in available energy for either 
irreversible or reversible processes since ft,f is a property. When the 
process between two states is reversible, the change in available energy 
of the flow stream is reflected by an exact compensating change in the 
surroundings; when the process between the same two states is irre¬ 
versible, the surroundings receive a lesser amount of available energy 
than before (or give a greater amount). 

The effectiveness of a process is defined by 

increase in available energy 
decrease in available energy 

The irreversibility because of the process is the algebraic sum of numer¬ 
ator and denominator in Eq. (12-3): 

Ad = 2 (increases and decreases in available energy) (12-4) 
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When all of the surroundings are included in the analysis, Eq. (12-4) 
reduces to 

A£f = -ToS (7-12) 


In most commercial work, the compression and expansion efficiencies 
are used: 


isentr opic work _ actual work 

actual work isentropic work 


(12-5) 


Example 2. Superheated steam at 400 psia and 600enters a turbine and emerges 
at a pressure of 50 psia and quality of 99.5 per cent. Compute the engine efficiency, 
effectiveness, and loss of available energy for the adiabatic process (To is 60°F). 
Solution. From the Steam Tables (with h ^ h — 7’os for convenience), 


p^ = 400 psia h = 600°F A, = 1,306.9 sj = 1.5894 6 , = 480.9 


With isentropic expansion to 50 psia (Mollier chart), 

Pi = 50 psia X = 0.945 hi = 1,122 sa = 1.5894 
At the end state for the irreversible process. 

Pi — 50 psia X — 0.995 fh = 1,169.5 S 3 = 1.6522 63 = 310.9 

With these values, 


Hence, 


Auu, = /?i - h = 1306.9 - 1169.5 = 137.4 Btu/lb,„ 
Aw,, = hi - hi = 1306.9 - 1122 = 184.9 Btu/lb,n 
Aa.f = A 6 i 3 = 63 - 61 = 310.9 - 480.9 = -170.0 Btu/lb,„ 


Ve = 


8 = 


Awijj 

Aw 12 


mA 

184.9 


I AWj3 _ 1 

137.4 1 

1 A/os 1 

-170.01 


= 0.745, or 74.5% 


= 0.81, or 81% 


Afi = Awi 3 -H A 6 i 3 = 137.4 - 170.0 = -32.6 Btu/lb„ 


Ans. 


A ns. 


Ans. 


12-3. Availability and the Closed System. Eor the closed system, the 
dead state can be achieved by: 

1. Reversible processes which entirely convert the kinetic and potential 
energies of the system into work: 


= -ARE - APE = 

2sf„ gc 


(a) 


2. An isentropic (reversible adiabatic) process to the temperature To: 

AW„. = -AUit = Ui- U, (b) 


3. A reversible isothermal process at To to the dead-state pressure po- 
AWr.. = -AU20 + f TdS = U2- Uo+ To{So - S2) (c) 
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But a part of the work of the closed system, of amount po A 7, must be 
used to push aside the atmosphere. Therefore, the net useful work is 
obtained by adding together Eqs. (a), (6), and (c) and subtracting 
Po A7io (and S 2 = 

2 - U«+ ToiSo - Sr) - po(Fo - F.) 

net \ Qc / 

(d) 

This work is, by definition, the availability in the closed system: 

Ct = E + po7 — TqS — {JJQ •4" po7o — TqSq) (12-6a) 

(and Ct is never negative). The change in available energy between two 
states is 

Aa = AE + po AF - To AS (12-66) 

As before. Aft evaluates the change in available energy between two 
states for either reversible or irreversible processes, but only in the revers¬ 
ible process do the surroundings experience an exact compensation. For 
the irreversible process, the loss of available energy is evaluated in the 
same manner as for the steady-flow system [Eqs. (12-4) and (7-12)]. 

12-4. Mechanical Friction and the Closed System. Consider an irre¬ 
versible closed-system process that can be approximated on the pv 
diagram: 

dQ - dW dul (4-4d) 

Jl to 2, irreversibly 

Suppose that the path of the irreversible process is followed by a reversible 
process : 

dQrev “ dTFrev = <^^1, , „ 

J1 to 2, reversibly 


And, upon subtracting, 

d^ = dQrev - dQ = dTF,ev - dW (12-7a) 

Equation (12-7a) defines friction as before (Art. 4-36): 

Friction is the dissipation of work or available energy into a 
heating effect. 

Friction can )e measured in two different manners: 

Friction is evaluated as the difference in work or the difference 
in heat between the reversible and the actual process, both of 
which traverse the same series of states. 
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Thus, by definition of the reversible work and Eq. (12-7a), 


dJf + dW = p dV (closed system) (12-8a) 

Or, by definition of the reversible heat and Eq. (12-7a), 

d^ + dQ = T dS (closed system) (12-9a) 


Example 3. Air at 100 psia and 800°R expands adiabatically in a cylinder to 
10 psia along a polytropic path such that n = 1.3. Compute, per pound of air, the 
friction of the process (for ideal gases). 

Solution. The temperature at the end of the expansion is found by Eq. (3-76), 

The irreversible adiabatic work equals [Eq. (4-4d)] 

Aiyirrcvl = Wi - W 2 = c,{Ti - T 2 ) = 0.172(330) = 56.6 Btu/lb^ 

JA9=0 


The reversible work is found by Eq. (11-6), 




V2V2 - V\V\ _ R{T2 — Tj) 
~ \ - n 1 - n 


1.986(330) 

29(0.3) 


= 76.4 Btu/lbrn 


Therefore, by Eq. (12-7a), 

Af7 — A?/Vv — A?c = 75.4 — 56.6 = 18.8 Btu/lbm Ans. 

12-6. Mechanical Friction and the Steady-flow System. The friction 
within the closed system arose because of a pressure difference which 
created a mass velocity, and the velocity became an aimless turbulence 
which was dissipated by the viscosity of the fluid—by internal shear 
forces. The same type of dissipation is apparent in the turbulent flow 
of fluids (and in the internal shear of a laminar flow); in addition, the 
over-all mass velocity of the fluid gives rise to shearing forces at the 
boundaries. However, there is an orderliness to the friction in the 
steady-flow process (which was not present in the closed system) since 
the properties of the flowing fluid change with position but not with 
time. Because of this, the measurement of the approximate irreversible 
path of the steady-flow system is a much more practical undertaking 
than that for the closed system. (And therefore the measurement of 
friction in the closed system is rarely mentioned, since a path for the usual 
irreversible process is a difficult, if not impossible, concept.) 

The friction equations for the steady-flow system are obtained from 
the same reasoning as for the closed system: The energy equation is 
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applied to a reversible and to an irreversible process that follow the same 
sequence of states, 

V a 

dorev — diy,ev = clh -\— dV + - dZ 

Qc gc 

dq - dw = dh+ -dV + ^ dZ 
go go 

By subtracting one equation from another, the same concept for friction 
is obtained as for the closed system. 


= d^rev — dg = dw^^y — dw (12-76) 

[which differs in independent variable from Eq. (12-7a)]. By definition 
of the reversible work [Eq. (6-3c)] and with Eq. (12-76), 


V a 

d^^t + dw = —V dp - dV — — dZ 

gc gc 


(12-86) 


Or, by definition of the reversible heat and Eq. (12-76), 

dJTaf + dg = T ds 


(12-96) 


Example 4. Water under a pressure of 100 psia enters a 2-in. pipe with mass-flow 
rate of 10 Ibm/sec. The exit is through a 1-in. pipe at an elevation of 30 ft above the 
inlet, and the water leaves with pressure of 50 psia. If no work is transferred, deter¬ 
mine the friction. (Assume a constant density of 62.3 Ibm/ft®.) 

Solution. At entrance and exit. 




thf 

Ap 


V2 


Thf 

Ap 


0.0218(62.3) “ 
0.00545(62.3) “ 


By Eq. (12-86) with Au; = 0, 


A51,f 


= — f V dp — AKE — APE 
J pi 


- - <” - ■<”> - ' - W . -1 

= 115.6 - 12.65 - 30 - 73 ft-lb//lb^ Ans. 


To predict values of the function 9F for a complex system is a hopeless 
task because of the wide varieties of devices that can be a part of a steady- 
flow process. For processes not involving work, a friction factor can be 
defined: 


dL ~ 2gM 


(12-100) 


wherein D is defined as the hydraulic diameter, 

£) = 4 cross-sectional area 
wetted perimeter 


(12-106) 




Fig. 12 -2. Friction factors for straight pipes. (From Moody.*) 
)e. I Drawn tube | Steel ! Cast iron | Concrete 
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It is found experimentally that, for turbulent subsonic flow in straight 
conduits of constant cross section (usually round), 

where e/ D is the roughness factor. Values of e for straight round pipes are 
shown in Fig. 12-2. 

Equation (12-lOa) can be substituted into Eq. (12-86), 

vdp+ -dV + ^dZ + = o] (12-llo) 

9c gc 2gcD J^„_o 


In general, the first and fourth terms of this equation must be solved by 
graphical integration. By dividing by noting that 



( 12 - 12 ) 


then, for cases where AZ = 0, G = C, 


dp 

V 


^g. V ^^^2g.D 


dL 


= 0 


AZ,w * 


( 12 - 116 ) 


Integrating, with /„ representing an average value, 




dp . Vi .. 

-f -{ -In - -h 4/„ 

V 9c Vi 


2gcD 


(Li - Li) 


0 


G^C 


(12-1 Ic) 


[and this form agreesf with Keenan’s equation (181)]. By assuming ideal 
gases, so that v — RT/p^ Eq. (12-1 Ic) can be shown as 


P2^ - Pi^ 

2RTm 


H-In — + 4/m ^ - f. (/v 2 — Li) 

Qc Vi 2gcD 



(12-lld) 


wherein Tm (and Jm) are average values [and this form agreesJ with 
McAdams’s equation (6-9d)]. 


PROBLEMS 

Tq = 60°F, po = 14.7 psia 

1. A diesel engine with 4-in. bore and 4} ^-in. stroke is to be started at — 30®F, using 
a special valve arrangement which opens the intake valve at bottom dead center. 
The compression ratio is 16:1. Assume an isentropic expansion, and find the tem¬ 
perature of the mixture (air, ideal gas) after the valve is opened (adiabatic process). 

2. A tank filled with air at 50 psia and 100°F is to be used to drive a turbogenerator. 
The system is the emergency power for a radio transmitter that requires 5 watts for 

t When the 4/m is replaced by 8/m. 

X Except for a velocity-distribution factor. 
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10 min of operation. Assume an over-all efficiency of 50 per cent and ideal gases. 
What should be the size of the tank? 

3. A pound of saturated steam at 100 psia is contained in a rigid tank. The steam 
expands adiabatically and reversibly to the atmosphere through a reversible turbine. 
Calculate the work and the mass of steam remaining in the tank. 

4 . An insulated and rigid tank contains 1 mole of air and 1 mole of helium at 100 psia 
and 300®F. The two gases are separated by an elastic and adiabatic wall. The ideal 
gases reversibly expand, and mole of air escapes through a reversible turbine to the 
atmosphere. Calculate the maximum work. 

6 . The state of the gas in the cylinder of an engine when the exhaust valve opens 
is 91 psia, 3720°R. The gas blows down to atmospheric pressure, with consequent 
waste of available energy. Calculate the ideal work that could be obtained from this 
blowdown energy (basis of 1 Ibm air originally in the cylinder, ideal gas). 

6. A blowdown wind tunnel has a tank capacity of 300 ft*, with air stored at a 
pressure of 3,000 psia and 80°F. The tanks are honeycombed with metal so that 
isothermal expansion in the tank is approached within 10°F from initial to final state 
of 225 psia [heat capacity of metal is 0.2 Btu/(lbm)(°R)]. From the tank, the air 
passes through a pressure regulator and heated maze (to dissipate the kinetic energy 
and to hold a constant temperature), then into a calming section, which is maintained 
at 200 psia, and finally into the test section, (a) Determine the approximate blow¬ 
down time for a constant flow rate of 100 Ibm/sec. (6) The tank is pumped up by a 
compressor, with the air entering the tank at about 80°F since the line from the com¬ 
pressor is long. What will be the approximate final temperature of air and tank, 
assuming that the filling process is adiabatic? 

7 . A steel cylinder is being rapidly filled with oxygen from a large reservoir at room 
temperature (70°F). Oxygen initially in the cylinder is at 300 psia, 70°F. Mass of 
cylinder is 50 lb„, Cp — 0.122 Btu/(lbm)(°F), and volume is 1.3 ft*. To what pressure 
must the cylinder be overfilled so that a final pressure of 1,800 psia at room temper¬ 
ature is achieved? (Use compressibility chart; assume heat transfer between cylinder 
and ambient air is negligible while instantaneous between cylinder and oxygen.) 

8 . The turbine of a Rankine cycle receives saturated steam at 400 psia and exhausts 
into a condenser at 1 in. Hg pressure. Calculate the loss of available energy. Where 
is this loss located? 

9. For the conditions of Prob. 8, the real turbine and pump had expansion efficiencies 
of 0.75. Calculate 8 and for the cycle, turbine, and pump. 

10. Saturated steam at 400 psia enters a turbine and exhausts at 1 in. Hg, with 
adiabatic work of 306 Btu/lb^. Compute t;,, 8, and A^ for the process. 

11 . A turbine receives steam at 400 psia, 600°F and exhausts at 50 psia. The loss 
of available energy for the adiabatic process is 34 Btu/lb^. Compute 8 and i?*. 

12 . Steam at 94 psia with enthalpy of 1204.96 Btu/lb,,, enters an open heater and 
mixes with water at 94 psia, enthalpy of 47.33 Btu/lb^, and entropy of 0.0914 Btu/ 
(lbm)(°R). The water leaving the heater is saturated at 94 psia. Compute 8 and AB 
for the heater, based upon 1 lb,„ at exit. 

18 . Saturated steam at 100 psia is adiabatically throttled to 20 psia {AKE » 0). 
Compute Ad. 

14 . Repeat Prob. 13, but for air (ideal gas) at 600°R. 

16 . Calculate the availability of steam in steady flow at 1,200 psia, 800°F, V *= 800 
ft/sec, and Z = 1,000 ft. 

16 . Calculate the availability of air at p — 100 psia, T *= To; at p « po and T =* T©; 
at p = po and T » 300°R (negligible velocity and height, closed system). 

17 . Coal, considered to be pure carbon, is burned with excess air so that the maxi¬ 
mum combustion temperature is 2800°F [mean Cp of gases is 0.25 Btu/(lbm)(°R)l. 
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(а) Calculate the loss of available energy, per pound of carbon, because of the 
combustion process. 

(б) Actually, the combustion gases supply heat to a Rankine cycle that operates 
with saturated steam at 200 psia to the turbine, and with atmospheric pressure in the 
condenser. The stack temperature is 600°F. Calculate the loss of available energy 
for the stack and condenser and for the temperature difference between furnace and 
cycle; calculate, too, the useful work of the cycle (all per pound of carbon) and the 
effectiveness for the entire process. 

18. Heat is supplied to a Carnot cycle by cooling the furnace gases from 2600°F 
[cp » 0.25 Btu/(lbm)(°R)] to within 100°F of the minimum temperature. The cycle 
operates between 2,000 psia (saturated liquid to saturated vapor) and 1 in. Hg in the 
condenser, (a) Calculate the stack loss (in Btu per pound mass gas), (b) Calculate 
the condenser loss, (c) Calculate the loss arising from the temperature difference 
between furnace and cycle, (d) Calculate the effectiveness of the cycle for this heat 
reservoir. 

19. A desuperheater and pressure reducer receives steam at 1,000 psia, 1000°F and 
water at 1,500 psia, 100°F. Vaporization of the water reduces the superheat to 
800°F while the pressure is also reduced to 800 psia. Calc\ilate the loss of available 
energy (in Btu per pound water through boiler). 

20. Compute the availability of air in steady flow at 300 psia, 1000°F, V = 1,000 
ft/sec. 

21. Air enters the regenerator of a gas turbine at 850®R, 60 psia and leaves at 
1000°R, 50 psia. The hot exhaust gas (air) enters at 1300°R, 16 psia and leaves 
at 14.7 psia. Calculate 8 and A^, assuming ideal gases and equal mass-flow 
rates. 

22. Air flows isothermally at 60®F through a horizontal 3-in. (diameter) pipe at the 
rate of 10 lbn,/sec. Initial pressure is 100 psia, and final pressure is 80 psia. Deter¬ 
mine the friction (ideal gas). 

23. Air flows isothermally at 60®F through a horizontal 2-in. (diameter) pipe at 
the rate of 5 Ibm/sec. Initial pressure is 100 psia, and final pressure is 90 psia. Deter¬ 
mine the friction (ideal gas). 

24. Determine the pressure drop in 1,000 ft of horizontal 3-in. (diameter) steel 
pipe if the velocity is 5 ft/sec. The fluid is crude oil, with specific gravity of 0.92, 
viscosity of 0.04 lbm/(ft)(sec), and temperature of 70°F. 

26. Repeat Prob. 24, but for a velocity of 25 ft/sec. 

26. Air at an initial pressure of 150 psia and temperature of 60°F is to be carried 
in a 6-in. (diameter) steel pipe at a rate of 300 Ib^/min. Determine the pressure drop 
in 1 mile, = 0.0000151 lbm/(ft)(sec), isothermal, ideal gas.] 

27. The exhaust of a gas turbine is through a 1-ft (diameter) steel tube, 10 ft in 

length, with Vi = 2,000 ft/sec, h - 1200°F, = po. Determine the pressure drop. 

(ax - 2.62(10-^) lb,„/(ft)(sec).] 

28. A steel gas line is to carry methane at the rate of 300,000 ft®/hr at 15 psia and 
60°F. How large should be the pipe if the pressure drop is to be about 20 in. HjO 
per 1,000 ft? Let m « 22(10-8) lb/ sec/ft*. 

29. Air is adiabatically compressed from 14.7 psia, 520°R to 147 psia and 1120°R 
along a path such that n is constant. Calculate the friction and the work required 
for this ideal-gas process of a closed system. 

80. Check Example 3 by a different method of solution. 

81. Compute the change in availability and the loss in available energy for the air 
of Example 3, and compare with the friction. 

82. Compute the change in available energy and the loss of availability for the air 
of Prob. 29 and compare with the friction. 
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83. For the data of Prob. 23, compute the loss of available energy and compare 
with the friction. 
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CHAPTER 13 


FLUID FLOW 

There is a tide in the affairs of men, which, 
taken at the flood, leads on to fame and fortune. 

Shakespeare (Julius Caesar) 


In this chapter one-dimensional flow of both real and ideal fluids will 
be studied. Changes in elevation, in general, will not be considered. 
13-1. Reference States. A convenient concept is the stagnation state: 

The stagnation state is the limit that could be approached by a 
stream in steady flow if it were decelerated reversibly and 
adiabatically to essentially zero velocity without doing work. 

The stagnation properties are designated by the subscript 0. 

Another reference is the sonic state (Art. A-4): 


The sonic state is that where the stream velocity equals the 
acoustic velocity (M = 1). 

The sonic properties are designated by the superscript *. 

13-2. Energy and Continuity Equations. A stream in steady flow 
must satisfy the continuity equation 

^ ^ ^ = 0 (5-6b) 

or m/ = AFp = C (5-6a) 

and the energy equation: 

(5-7c) 

rev or irrev 


dq — dw = dh + 


^dV ' 


By applying the integrated energy equation between the flow and the 
stagnation state (Ag, Aw^ zero; Fo, closely zero), the stagnation enthalpy 
is defined: 



So = 5 

221 


(13-la) 

(13-16) 
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The stagnation enthalpy has the same numerical value whether or not the 
restriction so = s is considered. Therefore, Eq. (5-7c) can be shown as 

do — dw = dho (13-2a) 

Jrev or irrev 


For processes that involve neither heat nor work, the stagnation enthalpy 
is constant: 


hoi = ho 2 = constant 


J Aq,Aiv =0 
rev or irrev 


(13-26) 


For ideal gases, enthalpy is a function of temperature alone; therefore, 
the stagnation temperature is also constant: 


Toi = To 2 = constant] (13-2c) 

I Aq.Air =* 0 
rrv or irrev 
ideal f;as 


The change in entropy of the flow stream is equal to that of the cor¬ 
responding stagnation states (since these states were each attained at 
constant entropy). By Eqs. (11-46) and (13-2r), 


ASi_ 2 = Asoi—02 — Cj 


, To2 

1^ m 

i 01 


R In ^ = 
po} 


R In 


Poi 

7^02 


ideal gas 


(13-2d) 


Thus the irreversibility of the process is reflected by a loss of stagnation 
pressure (although the stagnation temperature is not affected). Con¬ 
versely, for the reversible adiabatic process (without work) the stagnation 
pressure is constant throughout the flow region. 

The time required for a fluid to pass through a nozzle (or an orifice) 
is short, since the velocity is high and the length traveled is small. 
Therefore, the real process is essentially adiabatic;. The energy e(|uation 
can be solved for F 2 : 


'"^1. , n = V2!7 cW‘- ^2^+ IV (13-3o) 

JiAq,Air «=() 
rov or irrev 

wherein Vi is called the velocity of approach. Alternatively, with Eq. 
(13-la), 

. n = V2Sc(/io - lid (13-36) 

jAq,Aw =0 
rev or irrev 

13-3. Momentum Equations. A fluid in flow obeys the laws and 
principles of thermodynamics and mechanics. Thus a flow problem 
must satisfy the equations of state^ continuity^ energy^ momentum^ and 
entropy, (The entropy restriction is usually tacit: the flow is allowed 




FLUID PLOW 223 

only one direction, friction is assumed to be always a degradation, etc.) 

By Newton^s second law. 

The resultant of the forces acting upon a stream in steady flow 
equals the change in the flow of momentum (change in the 
momentum flux) through the region under observation. 

The forces acting on an element of a stream consist of pressure forces 
(pA) on the ends of the element (positive in the direction of flow); 
body forces, such as weight (which will be neglected); and wall forces 
on the sides of the element. The wall forces (ciFwaii) are the reactions 
of the wall to the pressure and viscous forces of the fluid, and thus are 
influenced by changes in area or direction, or from internal struts or from 
side-wall shear. (The direction of the wall forces is, in general, not 
obvious.) By equating the forces acting upon the element with the 
change in momentum flux, 

dF,.„ - d(pA) = (13-4o) 

on fluid Qe 

The momentum equation is vector for the general coordinate L. 

Equation (13-4a) can be integrated for fixed directions x, ?/, and z\ 

+ p,Au - " (Vi, - Vu) 

9c 

n,«.„ + - piAi, = ^ - Vi,) (13-46) 

yc 

-t- PiAu - p.Au = ^ (Vi, - Fu) 

yc 

In these equations, forces and velocities in the direction of flow are 
considered positive in sign, and therefore subscript 1 identifies the inlet 
and subscript 2 the outlet of the flow stream. 

13-4. Design of a Nozzle. The ideal velocity will be achieved when 
the expansion is reversible; therefore, since the process is also adiabatic, 
the entropy remains constant. Thus two properties are available to 
fix the state at each stage of the process: a selected pressure and the 
initial entropy. The area at each selected state can be found from con¬ 
tinuity, Eq. (5-6a). 

Example 1. Determine the variation in area throughout a nozzle that is to expand 
steam reversibly and adiabatically from the stagnation state of po 100 psia and 
to “ 600®F to Pa “ 20 psia. 

Solution, From Table B-4, 

Vo “ 6.218 ftVlbm ho - 1329.1 Btu/lb^ So « 1.7581 Btu/lb^ 
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Selection of pressure at any stage of the expansion is arbitrary, and therefore pressures 
of 100, 80, 60, 54.6, 40, and 20 psia are selected. Each of these pressures and the 
common entropy, « =* 1.7581, enable values of h and v to be found in Steam Table 3. 
With these values, the velocity is found from Eq. (13-36) and the area for unit mass 
flow from Eq. (5-6a): 


p 

psia 

h 

Btu/lbm 

V 

ftVlb« 

V 

ft/sec 

A 

ft* 

100 

1329.1 

6.218 

0 

00 

80 

1304.1 

7.384 

1,119 

0.0066 

60 

1273.8 

9.208 

1,660 

0.00556 

54.6 

1265.0 

9.844 

1,790 

0.00550 

40 

1234.2 

12.554 

2,175 

0.00577 

20 

1174.8 

21.279 

2,775 

0.00768 


The velocities, specific volumes, and areas found in Example 1 are 
plotted in Fig. 13-1 against the corresponding pressures. Study of Fig. 
13-1 reveals an odd result. The area of the nozzle decreases as the pres¬ 
sure decreases until a minimum area, called the throat, is reached; from 
here on the area increases. The explanation, however, is indicated 



Fig. 13-1. Relations of area, velocity, and specific volume in a convergent-divergent 
nozzle. 

by the continuity equation. Since rh; is constant, the area demanded 
by the flow is proportional inversely to the velocity and directly to the 
specific volume. (Thus a constant-density fluid would require only a 
converging passageway.) In the early stages of the expansion in Fig. 
13-1, the velocity demands are stronger than those of specific volume and 
the area decreases; at the throat both demands compensate; after the 
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throat, larger areas must be supplied to accommodate the greatly 
increased specific volume of the flow. 

If the expansion does not proceed over a wide pressure range, only the 
convergent section may be necessary. In Example 1, this would be true 
for expansions from 100 psia down to the throat value of approximately 
55 psia. A nozzle of this type is called a convergent nozzle. However, 
when the pressure at the exit of the nozzle is less than 55 psia (as it is 
in Example 1), a divergent section must also be used to attain the maxi¬ 
mum velocity. Nozzles of this type are called convergent-divergent 
nozzles. 

The calculations in Example 1 determined the area of the nozzle at several different 
states of the expansion. At each state there will be a definite pressure and a definite 
velocity. Since the length of the nozzle does not enter the calculations for either 



Fig. 13-2. Convergent-divergent nozzle. 


pressure or velocity, the nozzle can have any length. If the nozzle is very short, the 
transition from the high- to the low-pressure region is quickly accomplished. If the 
nozzle is made longer, the transition will occur over a proportionately longer period of 
time, although obviously the same sequence of areas is visited in each case. The 
nozzle should be constructed in the manner illustrated in Fig. 13-2. At the start of 
the expansion the velocity is zero, and therefore the area should be infinite. To 
approach this condition the walls of the nozzle could be made tangent to the walls 
of the reservoir, as illustrated in Fig. 13-2, although practically the shape of the nozzle 
at this location is not critical since the velocity is low. The converging section of the 
nozzle need follow no particular type of curve, and any shape is acceptable that allows 
the area to decrease continually. It has been found from experience that the con¬ 
vergent part can be made quite short in length with no ill effects, and this is done to 
reduce friction. For the same reason, the walls of the nozzle should be well polished. 
However, the divergent part of the nozzle must be more carefully treated, because 
here the velocities are quite high. The throat of the nozzle should merge into the 
divergent section, as shown at B in Fig. 13-2. The curve must have no corner or 
discontinuity that would cause an abrupt change in the direction of the fluid and set 
up a disturbance in the high-velocity stream. Similarly, if the fluid is to leave the 
nozzle without disturbances created by an abrupt change in direction, the diverging 
walls should continue to curve gradually and become parallel at exit for here the 
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velocity of the fluid is extremely high. While the diverging section should be short 
if friction losses are to be avoided, the divergence cannot be too great or the fluid 
will break away from the walls and complete the expansion in a wildly turbulent 
manner. If the maximum included angle of the nozzle is small, the design will be less 
critical, and any smooth curve between throat and exit will yield good results. Thus 
small industrial nozzles are made by simply taper-reaming the divergent section. The 
maximum included angle of most nozzles is less than 20°, and smaller values of the 
order of 6 to 12° are preferred by some designers. 

With the foregoing thoughts in mind, it can be seen that the basic 
dimensions for a convergent-divergent nozzle reduce to those of the exit 
and throat areas, and for a convergent nozzle, to those of the exit area 
alone. Since the pressure at exit is presumably known, the area and 
reversible velocity at this section can be directly computed. However, 
the throat area cannot be computed until the throat pressure is predicted 
(Art. 13-5). 

13-5. The Throat Pressure Ratio. When flow is adiabatic and with¬ 
out work, Eqs. (13-la) and (13-2a) show that the stagnation enthalpy is 
constant: 

V dV 

dho = dh + = 0 

Qc 

If the flow is also reversible, Eq. (7-46) yields 

dh = V dp 

By combining, the Euler equation is obtained: 

V dV 1 

y dp + = 0 rev (13-5) 

9 c jdq,dw»0 

The Euler and continuity equations yield, with Eq. (A-26) (Prob. 12), 


^ ^ /i _ Yl\ 

dp pV^/gc\ a^) 


A 

pVV9c 


(1 - M2) 


(13-6a) 


Note in Fig. 13-1 that the slope dA/dp is positive from the entrance to the 
throat, zero at the throat, and negative from the throat to the exit. 
From Eq. (13-6a), 



M < 1.0 
M = 1.0 
M > 1.0 


(subsonic velocities, entrance to throat) 
(sonic velocity at throat) 

(supersonic velocities, throat to exit) 
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Equation (13-5) shows that pressure and velocity changes oppose each 
other {dpIdV is negative). By combining Eqs. (13-5) and (13-6a), 

/I A A 

^ ^ (1 - M^) (13-65) 

when M < 1 (subsonic flow) 
when M > 1 (supersonic flow) 

Figure 13-3 illustrates the possible flow configurations for accelerating 
(nozzle) and decelerating (diffuser) flow in the subsonic and supersonic 
regions. 

M<1. 

p increasing 
—► V decreasing 
A increasing 

Subsonic Supersonic 

Diffuser Nozzle Diffuser Nozzle 

(theoreticol) 

Fig. 13-3. Flow configurations for subsonic and supersonic flow. 

When the sonic velocity is reached, both Eqs. (13-35) and (A-25) 
are valid: 


M >1.0 


p decreasing 
*V increasing 
A decreasing 


p increasing 
- V decreasing 
A decreasing 


p decreasing 
- V increasing 
A increasing 


Hence 


^<0 


dA 

dV 


> 0 


y 


rev 


V23c(/io 



(a) 


Unfortunately, an analytical relationship between p and v may not be 
available for fluids such as steam. However, the ideal-gas laws are 
usually adequate and (a) reduces (Prob. 13) to 


r 


p 



(13-7) 


Equation (13-7) is the means for predicting the throat pressure p* in a 
reversible adiabatic nozzle. The ratio r* is the minimum throat pressure 
ratioy often called the critical pressure ratio (a misleading name; Art. 10-3). 

Equation (13-7) can be used as an approximation for real fluids. For 
the data of Example 1, values of k can be computed to fit the relationship 
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— C (ovk values can be selected from Fig. 8 of the Keenan and Keyes 
Steam Tables). If /c = 1.30 is selected as the probable value, 

p* = 100(0.546) = 54.6 psia 
And this value is confirmed by Fig. 13-1. 

Example 2. Find the necessary dimensions for an ideal nozzle that will allow a 
mass-flow rate of 1 Ibm/sec of air from a large tank at 50 psia and ()0°F to a discliarge 
region at 10 psia. 

Solution. Since the over-all pressure ratio is 0.1, it seems probable that a conver¬ 
gent-divergent nozzle is req\nred. By Eq. (13-7), 

r* = — = ( ^ = (—W = 0.528 

" \* + l/ vw 

p* = 50(0.528) = 26.4 psia 

The value of 26.4 psia is greater than the discharge pressure; therefore, a minimum 
area is necessary for reversible flow. The velocity at this throat is found by trans¬ 
forming Eq. (13-36) with ideal-gas relationships: 


y/2jyAh, - h*) 


Selecting Cp from Fig. B-1 and noting that \^2gcJ = 223.8 will give 

Vl, = 223.8 \/0.24(520)ll - ( 0 . 528 )<'= ]^017 ft/sec 
The initial specific volume can be found by the equation of state: 

. St. . ,.vlb. 

Pi 29(50)(144) 

The specific volume at the throat is equal to 

V* = V, (p)' * = 3.86(1.893)» ”‘ = 6.09 ft Vlb„ 


A;- l 

(r!) *1 


B> the continuity equation, 

_ m/e 1.0(6.09) 


V 1,017 
The area at the exit is found in a similar manner. 


0.00598 ft2 


Ans. 


13-6. Mass-flow Rate of a Nozzle. Consider any section in the con¬ 
verging part of a nozzle. As the velocity at this section is increased 
from zero (by decreasing the downstream pressure), the mass-flow rate 
is also increased. But when the downstream pressure is reduced to a 
value such that the sonic velocity is reached at the throat, no further 
increase in velocity can be obtained at any section in the converging 
part of the nozzle. Thus the mass-flow rate reaches its maximum value 
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when the throat t section attains its maximum velocity—the sonic 
velocity. 

In Fig. 13-4 the mass-flow rate is shown plotted against the pressure 
ratio at the throat of the nozzle. If it were to be assumed that rp could 
vary from 1 to zero, curve ABC would result. But since Vp at the throat 
could never fall below the critical 
ratio r*, the curve from B to C is 
imaginary and the actual flow rate 
is shown by curve ABD. 

A convergent nozzle operating in 
the region A to B presents no par¬ 
ticular problem since the pressure at 
the throat is also the receiver pres¬ 
sure. But if the receiver pressure is 
reduced below the critical value, the 
pressure at the throat remains un¬ 
changed at the critical value! The 
fluid expands to this limiting pres¬ 
sure, then completes its expansion to 
the receiver pressure outside the noz¬ 
zle. (And in so doing, supersonic 
velocities may be attained; but these velocities are downstream from the 
nozzle exit, and therefore the flow rate remains unchanged. In the 
convergent-divergent nozzle, the divergent section guides and controls 
the expansion in a much closer approach to reversibility, and therefore, 
much higher supersonic velocities are induced.) 

13-7. Phenomena in Converging-Diverging Passageways. The con¬ 
verging-diverging passageway is characteristic of both a nozzle and a 
venturi (Fig. 6-2). Consider the flow conditionst in Fig. 13-5. Tests 
A and B illustrate venturi flow: a pressure at the exit slightly lower than 
that at the entrance causes a greatly decreased pressure at the throat. 
In the convergent section, expansion proceeds with the attainment of 
high velocity and low pressure at the throat. In the divergent section, 
compression occurs because the velocity is progressively reduced while 
the pressure is increased. This diffuser action continues as long as the 
throat pressure is greater than, or equal to, the critical value. 

In test A (and probably test B), the mass-flow rate will be less than 

t Up to this point, the name throat has been applied only to the minimum area in the 
nozzle, where the velocity is sonic. From here on, a more general usage of the word 
throat will be followed, to designate the minimum area in any flow device. Thus the 
exit of a converging nozzle and the minimum area of a venturi are called throats, even 
though the velocities at these sections are not sonic. 

t Construction drawings for this laboratory device can be found in Ref. 6. 



Fig. 13-4. Variation of mass-flow rate 
with throat-pressure ratio for nozzle or 
venturi. 
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that of the others, for here the minimum throat pressure has not been 
reached and the velocity at the throat has therefore not attained its 
maximum value. 

When the pressure at the exit of the nozzle is less than the throat 
pressure and the exit area has been proportioned in accordance with the 
correct values for pressure and velocity, the expansion line for the 
nozzle will be a smooth curve such as E (Fig. 13-5). Here the critical 
pressure ratio occurs at the throat, but lower pressures and higher veloci¬ 
ties occur in the divergent section. 



If the pressure at the exit is gradually raised, the fluid will persist 
in expanding almost to the former exit pressure. However, at some stage, 
a compression shock will occur when the supersonic stream strikes the 
higher-density fluid at or near the exit. When compression shock occurs, 
the velocity becomes subsonic and the fluid is irreversibly compressed. 
The pressure increases, but never to a degree that could be attained by an 
isentropic compression. Because of this irreversibility, the pressure after 
the shock may be lower than the pressure at the throat (curve D). Note 
that by the continuity equation the velocity can vary widely at any 
area because of the compensating effect of the specific volume. After 
the shock the diverging section of the nozzle acts as a diffuser, and the 
subsonic velocity is reduced to a still lower value while the pressure is 
increased to the discharge pressure. 
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Since the throat is not affected by the shock, which occurs downstream, 
the mass-flow rates are equal for tests C, D, and E (and the exit pressures 
are all different). 

Thus a convergent-divergent passageway may act either as a nozzle 
or as a venturi, and because of this, the throat pressure and the mass- 
flow rate cannot readily be predicted. For the convergent nozzle, either 
the pressure at the throat is that dictated by the critical ratio or else it is 
the exhaust pressure. For the convergent-divergent nozzle, the pressure 
at the throat is either the pressure dictated by the critical ratio or else 
(venturi) a higher pressure that is less than the exhaust pressure. 

13-8. Nozzle and Diffuser Coefficients. The efficiency of the nozzle 
is defined as the ratio of the actual kinetic energy to the maximum value 
that could be realized by an isentropic expansion from the initial state 
to the final state. This ideal kinetic energy can be found from 


1 2 rev 

2Jgc 


2Jgc 


+ (h\ 


h 2)8^0 


And by definition 

_ actual KE _ _ V2^/2Jge ox 

ideal KE Viy2Jg. +{hi-hUc ^ ’ 

The velocity coefficient is defined as the ratio of the actual velocity 
to the ideal velocity: 


Cv 


actual velocity 
ideal velocity 



(13-9) 


The nozzle is a remarkably efficient device, with the efficiency varying in general 
with the length and roughness of the inner surface. For convergent nozzles, efficiencies 
of 98 per cent and velocity coefficients of 99 per cent are quite usual values. Con¬ 
vergent-divergent nozzles must be quite long as compared with convergent nozzles if 
the cone angle of the divergent section is to be held to small values. The velocity in 
the divergent section is high, being greater than the acoustic velocity, and friction lose 
is increased. For this reason, the over-all efficiency of a convergent-divergent nozzsl 
is usually lower than that for a convergent nozzle, although values above 90 per cent 
are quite usual. If venturi action occurs and the velocity at the throat is not high, 
the compression process in the divergent section can be accomplished without seriously 
interfering with the efficiency values given above for convergent nozzles. However, 
if the throat velocity approaches the acoustic value, the compression is not readily per¬ 
formed without turbulence that causes lower efficiencies. 

Example 3. Determine the dimensions for a nozzle that is to expand 1 Ib^/sec 
of steam from po =* 100 psia and <0 = 600°F to p 2 = 20 psia if the velocity coeffi¬ 
cient from entrance to throat is assumed to be 0.99, and from entrance to exit 0.96. 
(Data are basically the same as in Example 1.) 

Solution. The same method of solution should be used as in Example 1. Assume 
a pressure and find the velocity and specific volume at that pressure. With this 
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information, the area corresponding to each pressure can be found. Suppose the first 
pressure selected is 54.6 psia, which was the throat pressure in Example 1: 

ho = 1329.1 Btu/lb„ hi * 1265.0 Btu/lb„ - 1,790 ft/sec 

With these data 

Vi' = CvVi.sen = 0.99(1,790) * 1,773 ft/sec 
But the actual velocity also equals 

Vi' ~ ^2') ” (^V 2JQci,ho ^2)1860 “ '^^^JffcVn{ho ^2)i8en 

Therefore, 

ho - hi' - Cv^iho - A2)i.en = Vu{ho - ^ 2 )i..n = (0.99)2(64.1) 

= 62.8 Btu/lb,„ 

hi' * ho - 62.8 = 1329.i - 62.8 * 1266.3 Btu/lb„ 

Since enthalpy and pressure are known to be 

Pi = 54.6 psia hr = 1266.3 Btu/lbm 
the Steam Tables yield 

vr = 9.946 ftVlbm 


With these values the area is found from the continuity equation 


ThfV __ 1.0(9.946) 
T 1,773“ 


0.0056 ft2 


Ans. 


However, this area is not necessarily the throat area since the derivation of Art. 13-5 
presupposed reversibility. But it is not unusual to assume that the answer found 
above is the corrected throat area if only because the equations in this chapter rest 
upon the assumption that the velocity distribution is uniform at any section of the 
nozzle (and, too, the amount of irreversibility is small). Actually, some nonuniform¬ 
ity must be present, and this nonuniformity of velocity will be increased by friction 
since friction will probably be initiated at the walls. These elementary equations, 
then, are not precisely true, and therefore it can be assumed, for simplicity, that the 
answer given above is the throat area. With this reasoning, it is not necessary to 
chart out the complete area-pressure relationships since a higher degree of precision 
is not warranted. 

In the same manner the conditions at the mouth of the nozzle can be found, although 
here the pressure is fixed by the receiver. 

A coefficient of discharge is defined as the ratio of the actual mass rate 
of flow to the ideal rate of flow that theoretically could be attained by a 
reversible expansion from the initial state to the final state: 


^ __ actual mass rate of flow _ W/act,mi 

ideal mass rate of flow {VA/v)-,^^^ ^ 

The actual flow rate is found by test while the ideal flow rate is cal¬ 
culated. In this manner the coefficient of discharge and the variations 
in the coefficient that will accompany any change in operating conditions 
are determined. If sufficient data of this kind are available, then it is 
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possible to predict the value of the coefficient of discharge for a test 
and therefore find, quite simply, the mass-flow rate. 

13-9. Metastable Flow. It has been assumed that the fluid in flow 
passes from one equilibrium state to another without lag from molecular 
readjustment (zero relaxation time). Actually, this assumption is not 
true, since time is required to redistribute the energy among the mole¬ 
cules. For example, the heat capacity (and k) values vary quite mark¬ 
edly with temperature (Fig. B-1). If the fluid passes quickly from one 
temperature to another, the relaxation time may be greater than the time 
of the process, and the heat capacities cannot adjust to the equilibrium 
values. 

When the fluid is all gas or all liquid, the effects of relaxation are 
usually relatively insignificant. But when the flowing fluid reaches 
the state where a phase change is demanded, relatively great changes 
must be accomplished, and the lag in reaching equilibrium may be quite 
apparent. 

When a fluid is expanded through a nozzle from the vapor region to 
the two-phase region, at some stage of the expansion the saturation 
state is reached and the vapor should begin to condense. However, 
tests show that the condensation may be delayed until a lower tempera¬ 
ture and pressure are attained, at which time sudden condensation occurs 
in the form of a vast number of extremely small droplets. In the interval 
between the reaching of the saturation state and the beginning of conden¬ 
sation, the steam is in a metastable state and is said to be supersaturated. 

Supersaturation of steam has been studied by several investigators. In the normal 
course of events condensation of steam begins when the kinetic energy of the molecules 
is not sufficiently great to overcome the attractive forces between molecules; here and 
there throughout the gas, molecules are attracted to each other and group together to 
form a nucleus for further growth. As these molecular groups get larger, they become 
tiny droplets of condensate. Such a molecular process does not require a great 
amount of time, but expansion in a nozzle happens in an extremely small interval of 
time, and the temperature may be falling at a faster rate than the speed of agglomera¬ 
tion. When this delay in condensation occurs, the driving force for the molecular 
grouping is greatly increased because all through the gas will be molecules with 
insufficient energy to resist the molecular interattraction. Condensation begins at a 
rapid rate because, for the pressure experienced, the temperature is lower than that 
demanded for phase equilibrium. 

From tests® on convergent-divergent nozzles, it can be concluded 
that, for initial pressures up to 300 psia, the condensation pressure 
is below the critical pressure ratio computed for superheated steam; 
for this reason condensation occurs in the divergent section of the 
nozzle. Thus, supersaturation prevails beyond the throat of a nozzle, 
and the flow should be calculated on the basis of the metastable equi¬ 
librium instead of on the basis of thermal equilibrium between vapor 
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and liquid. To calculate the state of supersaturated steam, the proper¬ 
ties of the vapor can be extrapolated into the metastable region by use 
of the equation of state for the vapor (and the ideal-gas equations are the 
simplest approach). In other words, although a phase boundary is 
crossed in the expansion, condensation is delayed, and the ideal-gas 
equations are closer approximations to the supersaturated state than the 
equilibrium data of the Steam Tables. 

The flow of the metastable fluid from entrance to throat of the nozzle 
is closely reversible since, conceivably, a ditTuser would allow the initial 
state to be essentially regained. With the onset of condensation the 
process becomes highly irreversible since the same series of states could 
not be retraced, ahd the change of state into dry vapor would occur at a 
temperature higher than the condensation temperature experienced in 
the expansion process. 

Example 4. Saturated steam at 50 psia flows through a round nozzle, with throat 
diameter of 1 in., to a discharge pressure of 30 psia. Calculate the ideal velocity and 
the ideal flow rate if velocity of approach is zero and phase equilibrium is assumed at 
each stage of the expansion. 

Solution. If phase equilibrium is maintained, condensation will begin at the very 
start of the expansion, and the pv relationship will follow, approximately, the empirical 
equation pv^ = C. The critical ratio is closely 0.58 [Eq. (13-7)], and the correspond¬ 
ing pressure is p = 50(0.58) = 29 psia. In this case, the nozzle can be made con¬ 
vergent because the exit pressure of 30 psia is above the value for the critical ratio. 
From the Steam Tables, 
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Solution, Equation (13-36) is expanded into the form 

Substitute 

po = 50(144) lb//ft* Vo - 8.515 ftVibm k » 1.31 
(where k is found from Fig. 8, Keenan and Keyes Steam Tables) 

V,r.v = 8.02 7200(8.515)(1 - (0.C)« »«1 = 1,372 ft/sec 


Hence, the velocity attained in the supersaturated state is less than the velocity for 
phase-equilibrium expansion. 

The specific volume of the gas at the throat is 

V, = |)„ (^")^ = 8.5I5(1.667)« = 12.55 ft»/lb 


Note that the specific volume is less than that found in Example 4; therefore, the 
density is greater. 

The mass-flow rate is 


rhf = 


AV 

V 


(7r/4)(l/144)l,372 

12.55 


0.597 lbm/sec 


Ans. 


The mass-flow rate is greater than that found in Example 4. In actual test the value 
of 0.597 Ibm/sec would be approached and not 0.574 Ib^/sec; hence if the test had 
been based on the latter value as the ideal value, the discharge coefficient would 
approach 


0.597 

0.574 


1.04 


Coefficient of discharge over 1.0, such as this, led to the study of supersaturation. 
The temp(‘ratiire at the throat can be calculated from the poly tropic relationship 


7’, 



or Ti = 741(0.887) = GSS^R or 198°F 


The phase-equilibrium temperature corresponding to the throat pressure of 30 psia 
can be found from the Steam Tables: 


t = 250°F 

Hence, the metastable undercooling is 250 — 198 = 52°F. 

13-10. Compressible and Incompressible Flow. Let ideal-gas rela¬ 
tionships be applied to Eq. (13-36): 

VI = 2s.(/io - h,) = 2g.c,T«(^l - = 2g^^To^l - (|;)^] 

And with Eq. (11-la), 


(13-1 la) 
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When Eq. (13-1 la) is used for pressure ratios near unity, the difference 
term approaches zero. Any slight error in calculating this difference 
leads to relatively large errors in the computed velocity. To remedy 
this difficulty, the term can be expanded into a power series that is rapidly 
convergent (Prob. 20): 

= + (.3.nK 

For small pressure differences, only the first term within the brackets 
may be significant (and therefore po is essentially pi). Hence 

~ \/2^c!’i(Pi - V-z) (13-1 Ic) 

The pressure difference could be balanced by a column of the flowing fluid 
H ft in height and of constant density p: 

Pi - P2 = pH 

9c 

This expression can be substituted into Eq. (13-11 c) (which is an approx¬ 
imate formula for compressible fluids) to obtain the familiar hydraulic 
formula (which is an exact formula for incompressible fluids): 

Fs,.. = V^H (13-12a) 

where H is the head of flow in feet of the fluid flowing. 

The head is indirectly found by measuring t he pressure with a manom¬ 
eter that uses a fluid other than that flowing. By equating the system 
head to that of the manometer, 

pii f - p) f 

9c 9c 

H = (13-126) 

P 

where Zm = manometer reading, ft 

Pm = density of fluid in manometer, lb,„/ft* 
p = density of fluid flowing, Ib^/ft® 

13-11. Standards for the Venturi and the Flow Nozzle. In many applications, the 
measuring device is a permanent part of an industrial system; therefore, the device 
should not introduce a loss, for a loss will cause an additional expense in pumping costs. 
For this reason, the venturi is usually preferred as a means for measuring flow and is the 
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standard meter for water or steam flows in many industrial applications. In Fig. 
13-6 a venturi and manometer are illustrated. The venturi is made of cast iron or 
steel, with bronze or monel linings to minimize corrosion. Most styles use a pie¬ 
zometer ring or annular space at both the inlet and throat communicating with the 
flow chamber by a series of radially drilled holes. This construction ensures that the 


Main 



average pressure is being measured, and it also acts as a safety factor against the possi¬ 
bility of one hole becoming plugged. The approach to the throat is a frustrum of a 
cone with angle of 25 to 30°, the diameter of the throat being one-fourth to one-half of 
the pipe diameter, and the length being one-half of its own diameter. The down¬ 
stream section or diffuser is a cone with angle of 7° or less. The over-all loss in pressure 
can be estimated to be roughly 10 per cent of the differential pressure. The coefficient 
of discharge is affected mainly by the Reynolds number, and for high Re, that is, 
highly turbulent flow conditions, a value of 0.98 can be used as an approximate value. 

A flow nozzle consists of a short cylinder with one end flared to form the entrance to 
the nozzle (Fig. 13-7). The purpose of the cylindrical throat is to ensure that the 
fluid will leave the nozzle without contraction 
in order that the area of the throat and the jet 
may be considered equal. In effect, the flow 
nozzle is a venturi without a diffuser; hence, 
the loss of head from failure to recompress the 
high-velocity flow may vary from 30 to 90 per 
cent of the differential. However, the coeffi¬ 
cient of discharge is essentially that for the 
venturi, say 0.98. 

13-12. Standards for the Orifice. Probably 
the oldest device for measuring the mass-flow 
rate is the thin-plate orifice constructed in the 
manner of Fig. 13-8. The orifice is installed 
with the sharp edge (or, better, square edge) on 
the upstream side and beveling, if any, on the downstream side. The pressure in 
front of the orifice may be slightly higher than the true pressure because of impact. 
In passing through the orifice the pressure drops abruptly, reaching a minimum value 
at the vena contracta or location of smallest jet diameter. At this point all filaments of 
the flow become parallel. Beyond this point the pressure increases as the fluid is 
decelerated, and this action is accompanied by considerable turbulence from lack of a 
diffuser section. Hence the downstream pressure is considerably lower than for a 
venturi and of the same order as for a flow nozzle. 

In flowing through the orifice plate, the jet contracts to an area of about 0.6 that of 
the orifice, and therefore the discharge coefficient, which is based upon the orifice area, 
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is much less than unity The orifice must be carefully constructed if predetermined 
discharge coefficients are to be used without a calibration test because, for example, 
rounding of the inlet corner will decrease the jet contraction, thus increasing the real 
flow area and increasing the quantity of flow. The phenomenon of the critical ratio 
does not appear for sharp-edged orifices, because experiments show that the mass-flow 
rate continues to increase as the pressure ratio is decreased below the critical (Ref. 5). 

A coefficient of discharge of 0.60 can be used for routine calculations. 



Fig. 13-8. Flow through thin-plate sharp-edge orifice. 


13-13. Temperature of a Moving Stream. The true temperature of a 
moving fluid is the temperature that would be shown by a measuring 
instrument moving with the same velocity as the fluid. However, the 
practical measurement of temperature is accomplished by instruments 
that are at rest, and the mass-flow impact on the measuring device will 
give a higher reading of temperature than the true reading. 

A temperature-measuring device in a high-velocity stream will cause 
the fluid directly in front of the obstacle to be more or less isentropically 
compressed with attainment of a temperature that would approach the 
stagnation temperature. However, the thermal meter may not measure 
the true stagnation temperature because a number of other factors will 
intervene. For example, there will be radiation loss from the hotter 
thermometer to the colder gas and walls; frictional effects of the fluid 
flow on the indicator will be affected by properties of the fluid, such as 
viscosity, while the shape and relative position of the thermometer in the 
fluid stream will also enter the problem. For these reasons the meas¬ 
ured temperature may V^e greater or less than the stagnation temperature. 
The recovery factor of the measuring device is defined as 

r... = 

stagnation 

For air and most gases the recovery factor is less than 1. Twisted wire 
thermocouples in air have recovery factorsf of 0.73 to 0.84. The higher 

t H. C. Hottel and A. Kalitinsky, Temperature Measurements in High Velocity 
Air Streams, J. Appl. Mech.j 12(1): A25-A32 (March, 1946). 
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values are obtained by axial flow over the couple, and the lower values 
are for transverse flow (see, also, Art. 19-8e). 

For high velocities, probes are used to assist in the deceleration of the 
fluid and to guard against radiation errors. Figure 13-9 shows a probe 
for high-velocity stream measure¬ 
ments under conditions where the 
stream temperature and wall tem¬ 
perature are of the same order. In 
this probe the high-velocity fluid is 
brought essentially to rest and the 
temperature measured by the ther¬ 
mocouple. (Bleed holes allow a 
small but continuous flow past the 
thermocouple.) Radiation losses 
are negligible because of the shielding effect of the enclosed tube, which 
also acts as a diffuser. Recovery factors of 0.98 are reported for this 
probe for velocities under and slightly over the acoustic velocity. 

The problem is more complicated if the temperature of the fluid is 
high compared with that of the wall, for radiation losses will increase 
considerably. To reduce such losses, multiple shields must be used (Chap. 
19, Prob. 45). 

13-14. Pressure of a Moving Stream. The true static pressure of a 
fluid in motion is relatively easy to measure compared with the true static 
temperature. Either a piezometer ring or a small radial hole in the pipe¬ 
line will enable the pressure to be measured. However, the hole must be 
so located that no opportunity exists for impact, or a higher pressure 
will be encountered. If the flow is pulsating, standing waves of pressure 
variations may exist, and erratic static pressures will be experienced 
along the length of the pipe. 

It would appear that a diffuser would need to be constructed as a means 
for measuring the stagnation pressure, but experience shows that better 
results are obtained by allowing the fluid stream to form its own diffuser. 
This is accomplished by inserting a small blunt body into the flow so 
that the fluid stream is divided without undue turbulence. By so doing, 
fluid approaching the center line of the body undergoes a deceleration 
which is almost reversible (at subsonic velocities), and the impact pressure 
at this stagnation point may approach the ideal stagnation pressure. 
The impact pressure is measured by locating a small opening near 
the stagnation point and connecting this opening by a tube to a pressure 
gauge. 

An instrument which creates a stagnation point and also communicates 
the pressure at this point to a pressure gauge is called a pitot tube. One 
type. Fig. 13-lOa, is designed only for impact pressures, while another 


Plastic 


No. 30 l-C 
thermocouple 
0.025'' sphere 



q.07r 0.095 
^ 1 

^ J - 0.023"bleed holes 
equally spaced 

Fig. 13-9. Stagnation temperature probe 
(Pratt and Whitney design). 
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type, Fig. 13-106, allows both static and impact pressures to be meas¬ 
ured. (The arrangement in Fig. 13-lOa is preferable, however, since the 
static pressure is measured upstream from the pitot tube and therefore 
disturbances arising from the instrument in the flow stream are avoided.) 

The decelerating process is the direct opposite of nozzle expansion, 
and therefore the equations in Art. 13-10 appear as 

Firev = V2gH 

where Vi = velocity approaching pitot tube, ft/sec 
Pi = static pressure 
po = stagnation pressure 
To = stagnation temperature 

In the case of a circular duct, it is customary to divide the cross section into one 
central area and four concentric rings each of equal area. By plading the pitot tube at 
the mean radius of each of these areas, the velocity pressure for that area is found. The 
locations! of these points in a duct of radius R are 0.316/2, 0.548/2, 0.707/2, 0.837/2, 
and 0.949/2. It is better practice to take these readings on both sides of the center 
line of the duct; thus, there are 10 readings in all, giving rise to the descriptive name 
ten-point method. For some work two traverses are made at right angles to each other, 
and thus there are 20 readings. 

Example 6. A 4-ft-diameter duct carrying air of density 0.0736 Ib^/ft* is traversed 
by a pitot tube using the ten-point method. The readings in inches of water at 72®F 
from one side of the duct to the other are, respectively, 0.210, 0.216, 0.220, 0.219, 0.220, 
0.220, 0.218, 0.219, 0.220, and 0.216. Find the average velocity and the mass flow 
(local p « Po). 


(13-14a) 

(13-146) 

(13-14c) 


t Consider that 10 equal areas are desired to be established in a circular duct of 
radius R. Then, 

« ir(r 2 * - ri*) - ir(r,* - • • • ir(/2» - r#*) 

If these areas are equal, 

rj* « 2ri* r,* « 3ri» • • /2* - lOn* 



r - 0.316/2, 0.648/2, 0.707/2, etc. 
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KIEL PROBE 
{High velocity) 

(Prott a Whitney dimcnsiont) 


COMBINED PITOT TUBE 
(Low velocity) 


(a) 


U) 


Fig. 13-10. Pitot tubes. 


Solution, The velocity at each point can be calculated and then averaged, but 
it is quicker to average the square roots of the readings: 




Vo .210 + Vo^ + • • • + Vo .216 

10 


0.4668 


0.216 in. H,0 


The densities of water and air are 

Pm - 62.3 lb«/ft* p - 0.0736 lb«/ft' 

By Eq. (13-126), 

H . . 15.1 ft of fluid flowing 

p (12)0.074 

By Eq. (13-14c), 

V - - \/64.4(15.1) - 31.2 ft/sec .4n«. 

while, by the continuity equation, 

m/ « ^ j (4*)(31.2)(0.0736) - 29 Ib^/sec Ans. 

13-15. Jet Pumps. Ejectors are commonly used as vacuum pumps because of their 
low cost, simplicity, and dependability. The principle of the ejector depends upon 
the entrainment of a gas by a high-velocity fluid jet, the resulting mixture being com¬ 
pressed in a diffuser and discharged at a pressure higher than that in the gas chamber. 
Figure 13-11 is a diagrammatic sketch of a single-stage ejector that can be used to 
produce a vacuum of 26 in. of mercury. Steam enters the ejector at high pressure and 
expands in a convergent-divergent nozzle. The high-velocity fluid leaving the nozzle 
passes through the air chamber and entrains part of the air to be evacuated. The 
mixture of air and fluid then enters a convergent-divergent diffuser that recompresses 
the mixture to the discharge pressure. The convergent-divergent diffuser is necessary 
because in normal operation the pressure in the air chamber will be low and the velocity 
of the steam jet will be supersonic. To recompress such a stream the diffuser must 
first converge and then diverge as the velocity falls below the acoustic. 
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Operating 
steam inlet. 


For creating a low vacuum or discharging to a higher back pressure, several ejectors 
can be connected in series and called, respectively, first, second, etc., stages with the 

last stage discharging directly or indirectly into the 
atmosphere. A small condenser called the inier- 
condenser can be used between stages to condense 
the steam of each stage, thus relieving subsequent 
stages that need only compress those gases that are 
noncondensable. 

A jet pump used to pump water is called an in¬ 
jector. In Fig. 13-12 steam from the boiler passes 
to the injector and expands in the nozzle to a low 
pressure while acquiring a high velocity. Water is 
drawn into the chamber around the nozzle and 
accelerated in the combining tube by the steam 
jet, which is itself condensed. The mixture of 
water and steam is compressed in the delivery 
tube while being slowed down, and a pressure is 
finally achieved that can be greater than the 
boiler pressure. At first glance such action may 
seem improbable, but note that the expansion of 
the steam transforms available energy of amount 
— jv dp for a vapor into kinetic energy. This kinetic 
energy is used to lift and accelerate a water col¬ 
umn, and the action is most inefficiently done 
because the process is highly irreversible. But the 
kinetic energy necessary for the compression of the 
liquid { — jv dp for the condensed steam and pumped water) back to the initial pres¬ 
sure is but a small fraction of the energy that was available, and no trouble is 
experienced in achieving pressures much higher than the initial pressure. This is but 
another example of Art. 5-8d; the work which must be done to compress a vapor or 
which is realized from expanding a vapor is much greater than the work required to 
compress a liquid. 



Fig. 13-n 
liott Co.). 


Discharge^ 

Steam ejector (El- 



Fig. 13-12. Injector. 

When the injector is started, condensation of the steam will not occur until water 
enters the combining tube and the discharge escapes through an overflow pipe (not 
illustrated). After condensation begins, the pressure will build up and delivery can 
be made to the boiler. If hot water is led to the injector, vaporization of the water 
occurs as the pressure is decreased and satisfactory operation is difficult to achieve. 
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It should be realized that mixing hot and cold fluids results in a loss in available 
energy. A boiler installation not using feedwater heaters must pump cold water into 
the boiler. An injector combines in part this irreversible operation with the pumping, 
but the inefficiency of the injector is no greater loss than the inefficiency of the mixing 
process. For this reason injectors are used where cold water is pumped into steam 
boilers such as the locomotive boiler. The efficiency of the injector as a pump is of the 
order of 1 per cent, but this is immaterial because the water is introduced into the 
boiler without supplying work from an external source. However, in modern plants, 
to reduce the loss in availability that is caused by mixing hot and cold fluids, the feed- 
water is passed through numerous feedwater heaters before the water enters the boiler. 
Since the injector needs cold water for best operation, in most plants it is more con¬ 
venient to use centrifugal pumps. 

13-16. Isentropic Flow Tables. For steady flow through a nozzle or 
diffuser, the process is completely specified by: 

1. The continuity equation 

2. The energy equation 

3. The restrictions of reversible flow without heat or work 

It then follows that all stagnation (Ao, To, po, Po, s = «o, etc.) and sonic 
(p*, p*, V*y A*, etc.) properties are constants since there is but one stag¬ 
nation state and but one sonic state for a specified flow state. 

For simplicity in solving problems, other restrictions are added: 

4. One-dimensional flow 

5. Ideal gas (with fixed k) 

The properties of the flow stream can be expressed as functions of a 
reference state (such as the stagnation or the sonic state) and the Mach 
number. For example, the temperature and the stagnation temperature 
are related by Eq. (13-la) : 


Ao = A -j- 


XI 

2pc 


Then for ideal gases with constant heat capacities, 

y2 


To = T + 


2gcCp 


The sonic velocity is substituted, Eq. (A-2c), and with Eq. (11-la), 

(13-15) 


The advantage of Eq. (13-15) is that the ratio To/T can be computed 
and tabled with Mach number as the single independent variable (fc is a 
constant for a specified table). Then to find the ratio of two tempera¬ 
tures Ti and T 2 at different sections of the flow stream from Eq. (13-15), 
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it is merely necessary to divide one tabled value by the other, since Tq 
is constant for a particular problem: 

T, ^ ^ 1 + [(fc 1)/2]M,^ 

Ti To r, 1 + [(ik - 1)/2]M2* 

For example, let Ti * 520°R at a section where Mi » 0.3. What will be when 
M, - 0.5? From Table B-17 (for k = 1.4), 

M = 0.3 ^ - 0.982 M = 0.5 ^ - 0.952 

„ n Tz To 0.952 _ „ 

Hence ” To T, ” 0.982 ® = 504 R 


and calculation of the quantities 1 + [(A; — 1)/2]M* is avoided. 

Table B-17 also uses the sonic state as a reference. For example, to find the ratios 
of two areas at two sections of the flow stream. 


d? ^ AlAl = Mi f l + [(A: - l)/21M,n 27r^ 
4, M^tl + l(fc - 1)/21M,2/ 


(13-17) 


Hence calculation of the M, k fraction on the right side of Eq. (13-17) can be avoided. 

Example 7. Find the dimensions for an ideal nozzle that will allow a mass-flow 
rate of 1 Ibm/sec of air from a large tank at 50 psia, 60®F, to a discharge region at 
10 psia (same data as in Example 2). 

Solution. These data and pv = RT yield 


po == 50 psia To — 520'^R po - 0.259 Ib^/ft® P 2 = 10 psia 


At the throat M — 1, and from Table B-17 for k « 1.4, 


Hence 


P = = 0.528 

Po Po 

p* = 26.4 psia 


T T* n ft* 

^ ^ = 0.833 i = ^ = 0,634 

■* 0 i 0 Po po 

T* = 433m P* = 0.164 lb,n/ft» 


The velocity at the throat is found by Eq. (A-2d): 

F* = a = 49.1 VV* = 1,017 ft/sec 
And by the continuity equation, 


rn/ 


1 


F*p* 1,017(0.164) 


0.00598 ft* 


A ns. 


At exit. 


0.20 


Interpolating in Table B-17, 

V T 

y, - 1.487 

Hence 


and 


^ ^ 10 

Po 50 

M 2 - 1.71 

. 0.631 A 


1.35 


^ = 0.317 
Po 


Vi = 1,513 ft/sec Ti « 328m At * 0.00808 ft* P 2 - 0.082 lb„/ft» 
The answers and related data agree with the values found in Example 2. 
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13-17. Fanno Flow. When flow is steady, without heat or work or 
change in elevation, the energy equation reduces to 


/lo = + 


'cj Ag,tt),Z“0 


(13-10) 


With the contihuity equation in the form for constant-area flow, 


0 - - - 

A V 


Eq. (13-la) is converted to 


ho = h + 


\Aq,id,Z “0 

J/-C 


( 12 - 12 ) 


(13-18) 


Equation (13-18), called the Fanno equation, defines the states achieved 
bv adiabatic flow at constant area with fluid (mechanical) friction (Art. 
12-5). 

Suppose that Eq. (13-18) is solved for three specified values of G (other 
than zero), with fixed ho, for a fluid such as steam (a laborious task), as 
illustrated in Fig. 13-13. Each path, since it has a different mass-flow 
rate per unit area, has a different amount of friction, inherent within the 
value of G, arbitrarily assigned. (The length of pipe, however, and 



Fig. 13-13. Fanno lines on ks diagram (schematic). 
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therefore the law of friction imposed, is not specified by the diagram.) 
Since the effect of friction is to increase the entropy, the flow direc¬ 
tions in an adiabatic process must be as shown. Also, observe from 
Eq. (13-la) that lines of constant enthalpy are also lines of constant 
velocity; it follows that fluid flow in an upper branch (c/, for example) 
must be at a lower velocity than that in the corresponding lower branch 
(de/, for example). A few trial calculations will show that branches such 
as cf have subsonic velocities, branches such as def have supersonic 
velocities, and the common points /, /', /" at maximum entropy have the 
sonic velocities. 

It follows from Fig. 13-13 that in subsonic flow the pressure decreases in 
the direction of flow with consequent acceleration; in supersonic flow the 
pressure increases in the direction of flow with consequent deceleration. The 
limiting velocity for either type of Fanno flow is the sonic velocity. 

Note, in Fig. 13-13, that all paths approach as a limit the horizontal 
locus of ha = C, which is the Fanno line of zero flow and, therefore, the 
locus of stagnation pressures (which decrease continually in the direction 
of flow). The locus of sonic-velocity states for fluids such as steam is 
not at constant enthalpy (as it is for ideal gases) since the sonic velocity 
is a function of both temperature and pressure. Note, too, that adding 
pipe adds restriction, thus decreasing G, and therefore the acoustic 
velocity will occur at a lower exit pressure. 

To achieve the G values specified for states a, 6, c, d, a nozzle expansion 
must take place between the pipe and the reservoir at ha and po; a con¬ 
vergent nozzle is sufficient to pass from /lo, po to a, c and a convergent- 
divergent nozzle from /to, Po to d. This process, represented by the 
reversible adiabatic hopoabcd^ is not at constant area and, therefore, it is 
not at constant G. 

In summary, Fanno flow is specified by: 

1. The continuity equation 

2. The energy equation 

3. The restrictions of constant area without work or heat 
It follows that: 

a. All sonic properties (p*, p*, F*, A*, etc.) are constants since there 
is but one sonic state for a specified process (Fig. 13-13). 

b. The stagnation properties at the sonic state are also constants for a 
specified process (gf, for example, in Fig. 13-13). 

For simplicity in solving problems, other restrictions are added as 
before: 

4. One-dimensional flow 

5. Ideal gas (with fixed k) 

By following the same procedures as in Art. 13-16, the properties of the flow stream, 
relative to sonic-state properties, can be expressed as functions of the Mach number. 
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For example, the pressure at any state a; on a Fanno line can be related to the sonic 
pressure by 




(13-19o; 


Values for the Mach number relationships are found in Table B-18. Then, as before, 


E» _ £»£.* 

P. P* P« 


-y/i + M,* 

M, -\/l + M,« 


(13-196) 


and the labor of solving the right side of £qs. (13>19) is avoided. 

In particular, £q. (12-1 la) can be rearranged and integrated (a messy job, at best) 
to yield 


L* -L 1 ~ M* ifc -h 1 a (k + 1)M* 
Z> - *M. + 2* 


The right side of this equation is also evaluated in Table B-18. It then follows that 
between sections Li and Lj (and / is a mean value) 

^ {L, - L.) - 4/ - - 4 /- (13-20) 


With Eq. (13-20) and Fig. 12-2, problems involving friction are simplified. 

Example S. Determine the length of 6-in.-ID commercial steel pipe required to 
change the flow of air from M *= 0.2 to M » 0.4 in Fanno flow. 

Solution, Figure 12-2 shows that 


< - 0.00016 or ^ - 0.0003 hence 4/ « 0.015 
From Table B-18, 

M - 0.2 ^ - 14.5 M - 0.4 - 2.31 

or ^ (£., - Li) - (L, - L.) - 14.5 - 2.31 

Lj — Li « 407 ft An«. 

13-18. One-dimensional Shock. It is well known that a stationary 
shock can be set up in a high-velocity stream (Figs. 13-5 and A-2) that is, 
closely, a plane discontinuity in the flow. Since the shock occurs at 
essentially constant area, the state of the fluid before and after the change 
must lie on a Fanno line of Fig. 13-13. Now a fluid in flow must obey 
all the laws of science; therefore, the momentum equation will be selected 
to give added information: 

+ piAi - p^A^ = ^ (V, - Vi) 


( 13 - 46 ) 
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Equation (13-46) holds, of course, for the entire Fanno flow. Since area 
is constant, arises only from fluid friction. However, at those par¬ 
ticular sections where a shock is permissible, the discontinuity occurs 
in a very short length of duct, and friction forces are not only negligible 
but become zero when the discontinuity is assumed to be plane. Hence 
is set equal to zero and the equation manipulated to give (with the 
help of the continuity equation) 

£2 ^ 1 + 

Pi 1 “h plane section 

Equation (a) is the new restriction placed upon Fanno flow for the sec¬ 
tions where shock is possible. By combining (a), a particular momentum 
restriction, with Eq. (13-196), the general Fanno pressure relationship, the 
allowable flow states for shock are found: 


M ^ + 2/(fc - 1) 

" [2k/{k - 1)]M,* - 1 ^ ^ 

Solution of Eq. (13-21) bears out experimental observations: Shock 
can occur only with a. supersonic stream^ and the velocity after the shock 
^ is always subsonic. Thus, in Fig. 13-14, the permissi- 

ble flow pattern for shock is supersonic flow a, with the 
\ shock changing the state to 6 at higher entropy; shock 

/f J flow from c to d at higher entropy, however, is not 

f\y permissible from momentum considerations (the fluid 
flow does not have sufficient momentum to cause 
^ _ the irreversible compression process called shock). 


Fig 13 14 Shock procedure in solving problems could be to solve Eq. 

path on Fanno line. (13-21) for M^, for a specified M^, and then use the Fanno 
table (Table B-18), since the Fanno reference constants (Art. 
13-17) are unaffected by shock. However, this labor is avoided by using Table 
B-19, which combines Eq, (13-21) with Table B-18. 

Example 9. An impact tube is in a supersonic air stream where the static pressure 
is 3.55 psia. A normal shock (a plane shock) occurs before the tip of the tube with the 
velocity then isentropically reduced to the stagnation state, where the pressure is 
20 psia (the impact tube reading). What was the initial Mach number of the flow 
and the entropy change in the shock? 

Solution. The stagnation pressure after the shock is divided by the initial static 
pressure: 

^ - 5 64 
p, 3.55 

And by Table B-19, 


M, = 2.00 


By Eq. (13-2d), 


- 0.0226 Btu/(lb„)(’R) 
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13-19. Thrustt The forces acting on a fluid stream can be found 
from the momentum equation. For flow in a fixed direction, 


= (13-46) 

Qc 

Here Fw*ii is the force of the walls on the fluid (Fig. 17-21). The reaction 
to this force is called the internal thrust—(he force of the fluid on the walls. 
(Rather than set up a new sign convention, the thrust of propulsive 
devices will always be considered a positive number.) 

Since the system is usually surrounded by an atmosphere at a fixed 
pressure po, a portion of can be furnished by the atmosphere. Hence 
the net force is defined by 

F... = F,.„ - po(A, - ^,) = (V, - y.) + (P2 - po)^* 

- (pi - Po) AI (13-22a) 

The reaction to F„et is called the net thrust (and this is the useful thrust 
for a propulsive device). 

A force function is defined as 

F = p.4 -I- ^ F (13-23a) 

Qc 

which is equivalent to 

F = pA{\-\- kM^) (13-236) 

Comparison of Eqs. (13-46), (13-22o), and (13-23a) shows, for a hori¬ 
zontal straight duct, 

Fwaii = F 2 — Fi linternal thrustl (13-23c) 

Fnet = (F 2 — Fi) — Pq{A 2 ~ Ai) |net thrust| (13-23d) 

A Mach relationship can also be derived: 


F^ ^ _ 1 -f _ 

^ M ^2{k -H 1) (1 -K 


(13-236) 


Values of the right side of Eq. (13-236) can be found in either Table B-17 
or B-18. 


Example 10. A turbojet engine has an inlet area of ft* and an exit area of 1 ft*. 
At the inlet, Mi » 0.6 and pi 1 atm, while at exit, M 2 — 1.0 and p 2 1 atm. 
Determine the internal and net thrusts. 


t See also Art. 17-11. 
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SoliUion. The magnitude (but not the direction) of the internal thrust is given by 
either Eq. (13-46) or (13-23c): 

linternal thrust| * Fw^ii « ptAiil -h AjMj*) — p\A\(\ -f- A;Mi*) 

- 14.7(144)1(1 + 1.4) - 14.7(144)^^ ^1 + 

- 6,075 - 1,430 = 3,645 lb/ Ans. 

And by either Eq. (13-22a) or (13-23d), 

|Net thrusti « {Ft — Fi) — po(A 2 — Ai) = 3,645 — 1,060 * 2,585 lb/ Ans, 

When the fluid changes direction, turning forces must be supplied, and 
either the vector momentum equation [Eq. (13-4a)] or the scalar momen¬ 
tum equations [Eqs. (13-46)] become necessary. The procedure is illus¬ 
trated in Fig. 13-15 for a two-dimensional system at constant elevation. 
First, the x and y axes are oriented to facilitate the solution; in this instance 
the X axis is aligned in the direction of the leaving flow. Then, from Eq. 
(13-22a) and Fig. 13-15, 

Fz (Fj — Vi cos a) + (P 2 - Po)A 2 — (pi — Pq)Ai cos a 

(13-226) 

Fy = — ( — Fi sin a) — (pi — po)^i sin a (13-22c) 

Qc 

A rocket (Fig. 13-16) carries its entire working substance, and therefore 
only one flow stream crosses the boundary of the system. The propellant 

is usually a liquid or a solid which decom¬ 
poses or explodes to create a high pressure 
within the combustion chamber. If the 
combustion chamber were completely closed, 
the net force from the combustion pressures 
would be zero. But the rear of the rocket is 
open (the exit of the nozzle), and therefore a 
greater force is exerted by the gas pressure on 
the forward walls of the combustion chamber, 
and on the diverging walls of the nozzle, than 
that arising from the gas pressure on the converging walls of the 
nozzle. Thus the net force of the gases on the walls is to the left in Fig. 
13-16. The pressure is maintained by allowing the products of combus¬ 
tion to escape through the nozzle while new fuel oxidant is fed from the 
reservoir. Since the rocket is independent of the atmosphere as a source 
of oxygen, it is the device which makes interplanetary travel an interesting 
and engaging topic of conversation. More important, it is the engine 
which has allowed man to produce artificial satellites (and international 
headaches). 



Fig. 13-15. Forces on two- 
dimensional system. 
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The rocket is analyzed by applying Eqs. (13-22) to the system (dashed 
line) in Fig. 13-16. Steady flow of the exit gases can be obtained for a 
relatively long time by regulating the flow of propellant. It follows from 
Eq. (13-22c) that the net force in the y direction is zero since the feed 
tubes are symmetrical. In the x direction, since a is 90°, Eq. (13-226) 
reduces to 

Fx = — F 2 + (p 2 — Po)il 2 (net thrust) (13-24a) 

9c 

By reducing p 2 , V 2 increases, and the thrust becomes a maximum when 
the exit pressure is po (Prob. 44): 

Frnui = — V 2 (maximum net thrust) (13-246) 

9c 

Thus the thrust from the pressure of the gases acting on the net pro- 



Fig. 13-16. Rofkct. 

jected walls of the rocket can be evaluated by measuring the exhaust-gas 
velocity and the mass-flow rate. 

PROBLEMS 

1. Steam expands adiabatically and reversibly from p — 500 psia, t ■* 700®F, to 
300 psia. Find the velocity attained (a) if the velocity of approach is zero, (6) if the 
velocity of approach is 300 ft/sec. 

2. Repeat Prob. 1 for an exhaust pressure of 150 psia. 

8. For the data in Prob. 1, find the highest approach velocity that can be neglected 
if the calculated final velocity is to be within 2 per cent of the correct answer. 

4. Steam expands in an ideal nozzle from po = 500 psia, fo — 700°F, to 300 psia. 
Find the exit area to pass 1 Ibm/sec. 

6. Steam expands in an ideal nozzle from po ** 500 psia, (0 =* 700°F, to 150 psia. 
Find the throat and exit areas to pass 1 Ibm/sec. 

6. Air expands reversibly and adiabatically from po * 100 psia, /o * 400®F, to 
atmospheric pressure. Calculate the final velocity (ideal gas). 

7. Find the throat and exit areas for the data of Prob. 6 to pass 1 Ibm/sec. 

8 . Carbon dioxide flows through an ideal nozzle from po ** 500 psia, U *• 300®F, to 
25 psia. Find throat and exit areas for a mass-flow rate of 0.25 Ibm/sec (ideal gas). 

9. Repeat Prob. 8, but use Fig. B-3. 

10. An ideal nozzle expands air from po * 50 atm, fo ** 400®R, to 5 atm. Find the 
area at the throat for a mass-flow rate of 0.25 Ibm/sec (ideal gas). 

11. An ideal nozzle expands nitrogen from po » 100 psia, (0 300°F, to 10 psia. 

Find the throat and exit areas (ideal gas). 
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12. Derive Eq. (13“6a). 

15. Derive Eq. (13-7). 

14. For flow through an ideal nozzle, derive the equation m/ * (constant) A *po/y/To. 

16. Steam expands from po = 600 psia, to ■= 700°F, to 150 psia; nozzle efficiency is 
0.95. Find the velocity, specific volume, and probable discharge coefficient. 

16. Nitrogen at po « 100 psia, to *= 300®F, passes through a nozzle to a discharge 
region at 10 psia. If the velocity coefficient is 0.98 from entrance to throat and 0.96 
over all, find the throat and exit areas. 

17. Saturated steam at po 100 psia flows through an ideal nozzle to a discharge 
region at 60 psia. Calculate the mass-flow rate if A^ = 1 in.* Assume phase 
equilibrium. 

18. Repeat Prob. 17, but assume supersaturated flow and compare answers. 

19. Superheated steam at po = 100 psia, to = 360°F, passes through an ideal 
nozzle to p 2 * 40 psia. Calculate the mass-flow rate if C = 0.98 and A* — 0.5 in.* 

20. Derive Eq. (13-1 lb). Use MacLaurin’s series, 


and let 
so that 


fix) 


■ m +r(o)x X* 


+ 


Pi 




(1 - x)- 


21. Air is flowing through an 8-in. pipe and through a 2-in. thin-plate orifice. 
The “adiabatic” coefficient of discharge is 0.65, and the differential manometer 
reading is 30 in. water. The upstream temperature of the air is 80°F, and upstream 
pressure is 10 psig. Compute the flow rate. 

22. A 4- by 2-in. venturi has a coefficient of discharge of 0.98. Air is flowing to 
the venturi under a pressure of 50 psig and temperature of 60®F. The pressure drop 
to the throat of the venturi is 12 in. water. Determine the mass-flow rate. 

28. A 1-in. (diameter) flow nozzle is installed in a 2-in. pipe that carries air at 
12 in. water gauge pressure. The temperature of the air is 60°F, the discharge 
coefficient for the nozzle is 0.97, and the pressure drop across the nozzle is 6 in. water. 
Compute the mass-flow rate. 

24. Air is flowing through a 4-in. pipe under a static pressure of 3 in. water. A 
thermometer indicates a temperature of 100°F, while the mean velocity head calcu¬ 
lated from pitot-tube readings is 2.08 in. water. Determine the average velocity 
of the air and the mass-flow rate. (Barometer shows 29.90 in. Hg.) 

26. Repeat Prob. 24, but assume that the static pressure is 10.25 psig and the mean 
pitot-tube pressure is 30.06 psia. 

26. Derive Eq. (13-17). 

27. Find the throat and exit areas for an ideal nozzle to pass 1 Ibm/sec of air from 
Po ■■ 100 psia, to “ 200®F, to 10 psia. (Use Table B-17.) 

28. Air at Mi ** 0.5 enters a diffuser with area ratio A 1 /A 2 of 0.5. Find Mt for 
isentropic flow. (Use Table B-17.) 

29. A gas (k « 1.4) enters an ideal nozzle with Mi = 0.1, < * 200®F, p — 100 psia 
and leaves with M 2 = 2.0. Find the throat area for a flow rate of 1 Ibm/sec. 

80. Derive Eq. (13-19a). 

81. Deduce from Fig. 13-13 what will happen if additional pipe is added to a 
system which has sonic velocity at exit (exit at atmospheric pressure). 

82. In Fanno flow of air, Mi - 0.1, pi “ 50 psia, M* * 0.8. Find p? and A«, 
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88. For the data of Prob. 32, Ti » 500°R. Find Tt and p 2 . 

84. Find the length of steel tubing (2 in. ID) wherein the flow of air is from M » 3.0 
to M -• 1.5 in Fanno flow. (4/ — 0.003.) 

86. Find the L/D values (4/ ** 0.003) to get M — 1 in Fanno flow if Mi « 0, 

1 , m, 2 , 00 

86. A constant-area steel pipe, 1 ft ID, carries air adiabatically from M «■ 0.1 to 
M » 0.3. Calculate the length of pipe and the final pressure if the initial pressure is 
100 psia and 4/ * 0.015. 

87. If the static pressure of the supersonic flow in Example 9 is 5 psia, with M — 2.0, 
find the pitot-tube reading and the entropy increase. 

88. Find the Mach number and the per cent of rise in pressure for a shock at 
M - 2.0. 

89. An ideal nozzle, with an exit-to-throat-area ratio of 2.5, is connected to a large 
tank of air at 100 psia, 40°F. Determine the exit pressure so that a shock is located 
at the exit. 

40. Air expands from po » 160 psia to 40 psia through an ideal nozzle and then 
enters a 6-in.-ID commercial steel pipe. What is the longest length of pipe that can 
be used without disturbing the mass-flow rate of the nozzle? (Fanno flow.) 

41. A 12-in.-ID pipe carries 5,000 cfm of air at pi ■* 14.7 psia, h « 100®F. At exit 
from the pipe, pi * 11.7 psia and tt = 100°F. Calculate the force required to hold 
the pipe in place. Show or explain the direction of the force. Sp)ecifically, what made 
this force necessary? 

42. Water flows through a 90® elbow in a 4-in.-ID steel pipeline at the rate of 
1 ft*/sec with the initial pressure at 1.5 psig. Calculate the force on the elbow from 
the flow. (The elbow is equivalent to 12 ft of pipe; assume that m •“ 1.88(10*”*) 
lb/ sec/ft*.l 

48. A rocket has an exit-to-throat-area ratio of 4 and a throat of 6 in.* The reaction 
chamber has a pressure of 200 atm. Find internal and net thrusts. (Use Table 
B-17; atmospheric pressure is 14.7 psia.) 

44. A jet engine is tested on a thrust stand in surroundings of po 14.7 psia. Air 
enters the inlet of 2 ft* at 400 ft/sec, 14.7 psia, and 60®F, and liquid fuel enters at 
50 psia, 60®F. The products of combustion leave at 16 psia, 1,400 ft/sec, and 2500®F. 
(a) Neglecting the fuel, calculate the net and internal thrusts. (6) Consider that the 
liquid fuel enters with negligible velocity but increases the mass flow of leaving gases, 
and recompute the net and internal thrusts, (c) Repeat the calculations with 
Pa * 14.7 psia. 

46. Try to redraw Fig. 13-16 so that the propellant does not enter radially yet the 
rocket mass remains symmetric about its axis. 
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CHAPTER 14 


PSYCHROMETRICS 

Foul weather comes, not in the heavens, 
but in the ways of men. 

John Buchan 


The conditioning of air is one of the important tasks of the practicing 
engineer. 

14-1. Psychrometric Principles, t Dry air is a mixture of gases that 
has a representative volumetric analysis in per cent as follows: oxygen, 
20.99; nitrogen, 78.03; argon, 0.94, including traces of the rare gases neon, 
helium, and krypton; carbon dioxide, 0.03; and hydrogen, 0.01. For 
most calculations, it is sufficiently accurate to consider dry air as con¬ 
sisting of 21 per cent of oxygen and 79 per cent of inert gases taken as 
nitrogen (3.76 parts N 2 to 1 part O 2 by volume). 

Table 14-1. Mass Analysis of Dry Air 


Gas 

Volumetric 
analysis, % 

Mole 

fraction 

Molecular 

weight 

Relative constituentX 

weight \ mole mixture / 

0,. 

20.99 

0.2099 

32.00 

6.717 

N*.... 

78.03 

0.7803 

28.016 

21.861 

A. 

0.94 

0.0094 

39.944 

0.376 

CO 2 . . 

0.03 

0.0003 

44.003 

0.013 

H,.... 

0.01 

0.0001 

2.016 



100.00 

1.0000 


28.967 *» M for air 


Dew Point. An important constituent of the usual air mixture is 
water vapor existing either as saturated or as superheated steam. The 
mixture can be cooled at constant pressure, and if the w^ater vapor is 
initially superheated, each constituent will be cooled at constant partial 
pressure because the composition of the gaseous mixture remains constant. 
With continued cooling, the water vapor will reach the saturated state, 
and any further decrease in temperature will cause condensation and thus 
a change in composition of the gaseous phase. The temperature that 

t In this article, the terminology of Ref. 2 has been adopted wherever feasible; 
similarly, all empirical constants have been obtained from this source. 
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marks the appearance of liquid water is called the dew point. In Fig. 14-1, 
the path of the cooling process for the water-vapor constituent is shown on 
the Ts diagram. At state 1, the vapor is superheated at a temperature 
called the dry-bulb temperature, which can be measured with the usual 
thermometer. Cooling at constant partial pressure occurs from state 1 

to state 2. At state 2, the dew point, 
the water vapor is saturated. If 
the temperature of the air is lowered 
beneath the dew point, the air 
remains saturated, although the par¬ 
tial pressure of the water vapor pro¬ 
gressively decreases because of con¬ 
densation while the state changes from 
2 to 3. The dew-point temperature 
allows the vapor pressure of the super¬ 
heated vapor to be found from the 
Steam Tables; the partial pressure of 
the saturated vapor at the dew point is also the partial pressure of the 
superheated vapor at state 1. 

Relative Humidity. The relative humidity (t> is best defined as the 
ratio of the actual partial pressure of the vapor to the saturated partial 
pressure of the vapor at the same temperature, 

(14-la) 

PsjT 

where w = water vapor 

s = saturated water vapor 

In Fig. 14-1, the relative humidity of the superheated vapor in the mixture 
at ti is the ratio of the partial pressure at state 1 (or 2) to the partial pres¬ 
sure at state 4. Since the perfect-gas laws are quite accurate at the low 
pressures encountered with atmospheric air, <f> can be expressed as 



Fig. 14-1. Relationship of dry-bulb 
and dew-point temperatures. 


Pu) Rw'^ / Vy) Vg Pn; 

P$ RwT/Vg Vy, Pg 


(14-16) 


it being noted that the temperature is the same at states 1 and 4. As 
shown by Eq. (14-16), relative humidity (at low pressures) is the ratio 
of the density of the steam present in the mixture to the saturation den¬ 
sity of steam at the same temperature. When the relative humiditj^ of 
the mixture is 1.0, the mixture is at the dew point. 

Humidity Ratio, or Specific Humidity. The humidity ratio, or specific 
humidity, W is defined as the ratio of the mass of water vapor to the mass 
of dry air in the mixture, 

ma\v,T 


(14-2a) 
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Thus, a mixture containing 1 lb,n of dry air would contain W Ibm of steam, 
and, at low pressure. 


"[Y = = ^ = Pw/ _ Pw Jig _ 0 022 Ptg 

rria Pa VoIRgT Pa Rw * P — Pw 


(14-26) 


{R^ and Ra are specific gas constants for water vapor and air.) The 
specific and the relative humidities are related; by Eq. (14-16), 


pu> = </»p. 


and, upon substitution in Eq. (14-26), 


W = 


P» Rg _ fk 

Pa Rw Pa Vg 


(14-2c) 


Degree of Saturation. The degree of saturation p is defined as the ratio 
of actual specific humidity (humidity ratio) to the specific humidity of 
saturated air at the dry-bulb temperature, 

W 1 

It can be related to relative humidity as follows: 


= JL = Q-622p,^/(p - py,) ^ pu,(p - Ps) ^ P - P. 
^ Wsat 0.622p,/(p - p.) p,{p - pw) ^ P - Pu> 


(14-36) 


Values of both p, and p„, are small relative to p; thus, the degree of satura¬ 
tion is approximately equal to the relative humidity. The latter is com¬ 
monly used in psychrometric work, while the degree of saturation is 
applied mainly to gas-vapor mixtures of other than air and water. 


Example 1. The temperature in a room is 80°F, and the relative humidity is 
30 per cent. Determine (a) the partial pressure of the steam and the dew point, (6) 
the density of each constituent, (c) the specific humidity, (d) degree of saturation. 
(Barometer reads 29.92 in. Hg.) 

Solution, (a) The vapor pressure of saturated steam at 80°F is obtained from the 
Steam Tables, 

p, » 0.5069 psia and r* = 633.1 ftVlbm 

Since in this problem the relative humidity is 30 per cent, 

Vw * <t>p» =* 0.30(0.5069) * 0.15207 psia Ana. 

This partial pressure of the 8Ui>erheated vapor is also the saturation pressure that 
defined the dew point. Thus, from the Steam Tables, 

^dew « 46°F Ana. 


(6) The density of the saturated steam at 80®F is 

1 1 
633.1 “ 


0.00168 
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and since the relative humidity is 30 per cent, by Eq. (14-16) 


« ^p, « 0.30(0.00168) « 0.000474 lb«/ft» Ana. 

This answer can be checked by the ideal-gas equation using 85.6 ft-lb//(lbm)(°R) for 
the specific gas constant, 


p 0.15207(144j 
RT “ 85.6(540) 


0.000474 lb,n/ft» Ana 


The density of the dry air is similarly found. 


p - 14.696 - 0.1521 = 14.544 psia 


(c) The specific humidity is found by Eq. (14-26), 


0.000474 

^ “ W2T “ 


or, more expressively. 


W « 0.0065 


Ibm stea m 
Ibm dry air 


(d) The degree of saturation is found by Eq. (14-36), 

" = (r4:696^:xr5"2; “ 

or, more directly, 

0.622= = 0.0^ 
p — p, 14.696 — 0.507 

, W1 0.0065 

and " =F:Jr “oom 


Example 2. Atmospheric air at 30®F and 60 per cent relative humidity is condi¬ 
tioned to 80‘’r and 50 per cent relative humidity. Determine the amount of water 
added to the air. (Barometer reads 29.92 in. Hg.) 

Solviion, The pressure of saturated vapor at 30°F is found in the Steam Tables, 

p, =* 0.0808 psia 

The partial pressure of the water vapor initially in the atmosphere is 
Pu> * 4>p> = 0.60(0.0808) « 0.0485 psia 


and by Eq. (14-26) the initial humidity ratio is 


Wi = 0.622 —- 0.622 f “ 0.00206 

p — Pw \ 14.696 ~ 0.0485/ 


Ibm steam 
Ibm dry air 


Each of the above steps is repeated for the air after conditioning to 80®F, 


p, — 0.5069 psia 

Vv * * 0.50(0.5069) « 0.2533 psia 

Wi - 0.622 —- 0.622 - 0.01090 

p - p» \ 14.443/ 


Ibm steam 
Ibm dry air 
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The change in moisture content of the air during the process equals 

Wt-Wi- 0.01090 - 0.00206 - 0.00884 Ant. 

lb„ dry air 

Expressed in grains, where 7,000 grains * 1 lb«, 

Wt-Wi- 0.00884(7,000) - 61.88 *°j Ant. 

iDm ciry air 

14-2. Multiple-stream Steady-flow Processes. The conditioning of 
large quantities of air or water invariably demands a steady-flow process, 
and in most instances, more than one flow path will be present. In 
Fig. 14-2, air with its contained moisture enters a system and leaves 
with a greater or lesser amount of vapor. Because of this humidification 
or dehumidification, water must also enter or leave if the process is to be 



out ot tA 

Fig. 14-2. General steady-flow air-conditioning system. 

continuous, while the system may or may not be adiabatic. An energy 
balance can be made for this general system from Eq. (5-4c) to yield 

(i = Zrhfhont — 

and therefore 

0 = rhfa(ha 2 — hai) + — ni/u,iKi) + {fh/ihi — rhfshz) (14-4a) 

Dry air Water vapor Water 

Upon dividing by rhfa the units for heat are changed: 

Al.g' = (ha, - hai) + ( 14 ^ 5 ) 

nifa 

where Alq' = heat transferred from Li to L^, Btu/lbm dry air 

1 = entrance conditions for air-steam mixture 

2 = exit conditions for air-steam mixture 

3 = entrance conditions for water 

4 = exit conditions for water 
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The amounts of water entering or leaving the system at 3 and 4 are 
not equal because a part of the water is either added or taken away from 
the air mixture. For continuity of mass flow of the water, 


Wi- (14-4c) 

m/a 

The equations can be simplified by defining the enthalpy of the mixture 
of 1 Ibm of dry air plus W Ibm of water vapor to be 


H 


Btu 

lb„ dry air 


ha “F Whw 


When this identity is substituted in Eq. (14-46), 


Aq' = fh- Hi + {UAd) 

nifa 


In some instances, only one flow stream of water is associated with the 
system; for example, the spray water could be entirely vaporized by the 
air, and therefore m /4 would be zero. For this case, Eq. (14-46) reduces 
to 

Aq' = {ha2 hai) + {W2hw2 — Wihwi) ~~ (W2 Wi)hfz (14-5a) 
Aq' == Hi - {W 2 - Wi)hfz (14-56) 

because, for continuity of mass flow, 

rhfa{W 2 — Wi) = m/8 (14-5c) 

These equations will be illustrated in the following articles. 



Fig. 14-3. Process of adiabatic saturation. 


14-3. Temperature of Adiabatic Saturation. Consider a process 
wherein the humidity of air is increased by passing it through an insulated 
chamber that contains a large surface of water (Fig. 14-3). Here the 
air is cooled in passing over the water, and the water is cooled as vaporiza¬ 
tion occurs. For this adiabatic process, the water will reach a steady- 
state temperature when the thermal energy transferred from the air to 
the water is equal to the thermal energy required to vaporize the water. 
This equilibrium temperature t* is calledf the temperature of adiabatic 

t The asterisk (*) designates that the property is to be evaluated at the state of 
adiabatic saturation. 
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saturation; it is the lowest temperature reached by the water in the process 
of Fig. 14-3. 

Suppose that the insulated chamber of Fig. 14-3 is infinitely long; then, 
the air leaving the chamber will be at the same temperature as the water, 
and, moreover, the air will be saturated with water vapor. Thus, as the 
air passes through the chamber, the dry-bulb temperature of the air 
progressively decreases until the limiting temperature of adiabatic satura¬ 
tion is reached. The adiabatic saturation temperature of the air, how¬ 
ever, is a concept that has but one value at all sections of Fig. 14-3. 
The condition of the water vapor as it passes through the chamber is 
illustrated in Fig. 14-4 by path 1-2. (Note that the dew point and the 
adiabatic saturation temperatures have quite different values except for 
the one case of saturated air.) 


\ tp.c 

/nifiaf dry 


^ ♦/Wr/ ba/b femp«nrhjrc\^ 


point,€ky 
and wet 
/ bulb for ¥apor 
leaving chambor 


Dewpoint fyr vapor 
entering c hamber 


Fig. 14-4. State changes of the water vapor during the process of adiabatic saturation. 


The system of Fig. 14-3 can be converted into a steady-flow system 
by supplying make-up water at the adiabatic saturation temperature. 
Assume that the air leaves the system at the temperature of adiabatic 
saturation. For this process, when it is noted that 


Ag' = 0 

W2ih^2 - hs) = W*{h* - h*) = W*h% 
then Eq. (14-5a) can be arranged into the form 

W . « - ^ +/% (14^) 

Equation (14-6a) could be used to find the specific humidity of air since 
all other terms in the equation can be computed or measured with an 
apparatus like that in Fig. 14-3. 

An important generalization can be seen by applying Eq. (14-56) to 
the process of adiabatic saturation, 

i/i + {W* - = Ht 


(14-7a) 
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Since the middle term is relatively insignificant,t 

i/i « m (14-76) 

Equation (14-76) shows that the total enthalpy of the mixture remains 
essentially constant during the process of adiabatic saturation. Since 
the adiabatic saturation temperature also remains constant during the 
process, it can be concluded that the total enthalpy of the air-vapor 
mixture is a function of the adiabatic saturation temperature. This 
approximation is sufficiently accurate for most meteorological and air- 
conditioning work. 

Enthalpy of Moist Air. The enthalpy of moist air is usually expressed 
in terms of the enthalpy of a mixture of 1 Ib^ of dry air plus W Ib^ of water 
vapor, or 

H ha + Whw (14-8a) 

The dry-air enthalpy ha for pressures near atmospheric can be accurately 
evaluated from the ideal-gas relationship, 

ha = 0.24^ (14-9) 

from an arbitrary datum of 0°F. 

The enthalpy of the water vapor, 6u,, is equal to 

hy, = 1.0(^* - 32) + h% + 0.45(^ - t*) (14-lOa) 

where the asterisked properties properly should refer to the dew-point 
temperature. However, no serious error is introduced by the use of any 
other temperature intermediate between the dew-point and dry-bulb, 
such as the temperature of adiabatic saturation. If the air is saturated 
(that is, the water vapor is saturated, not superheated), the last term, 
representing the superheat, becomes zero. The datum for the enthalpy 
of the water vapor is that of the Steam Tables :hw = 0 for saturated liquid 
at 32°F. 

With the foregoing relationships, the enthalpy of the moist air becomes 
H = 0.24/ -h W[(t* - 32) + h% + 0.45(/ - /*)] (14-86) 

which can be shown as 

H = (0.24 + 0.45TF)/ -f- W[{t* - 32) + h% - 0.45/*] 

= cj + Tr(0.55/* + h% - 32) (14-8c) 

Here Cm is called the humid heat capacity. It is the heat capacity of 
(1 + W) Ibm of mixture, or the heat capacity of the mixture per pound 

t For this reason, the make-up water added to the adiabatic saturation process can 
be at a quite different temperature from that of the wet-bulb temperature without 
perceptibly changing the final condition of the air. 
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of dry air. Although the datum states for the dry air and for the water 
vapor are different, enthalpy differences are normally required and the 
datum state is of no significance in the calculations. 

Usually, the enthalpy of the water vapor is found from the empirical 
formula 

K = 1,060 + 0.45f (14-106) 

Therefore, H = 0.24^ + TF(1,060 + 0.450 (14-8d) 

H cj + Tr(l,060) (14-8e) 

A property similar to enthalpy, called the sigma function^ is defined as 
2 = H - WhJ « // - W{t* - 32) (14-11) 

This function is exactly constant during the process of adiabatic satura¬ 
tion [note Eq. (14-7a)]. In the past, it has been used in place of the 
enthalpy function on some psychrometric charts. 

14-4. The Wet-bulb Temperature. Figure 14-5 illustrates a sling 
psychrometeTj which consists of a wei-hulb and a dry-bulb thermometer. 
The wet-bulb is so-called because the sensing element is 
covered with a wick moistened with water (and a ther¬ 
mocouple can be used as well as a glass thermometer). 

The temperature attained by causing air to flow over 
the wetted wick is known as the wet-bulb temperature. 

The process involved is similar to that of Fig. 14-3 
except that the ratio of air flow over the relatively small 
quantity of water is sufficient to cause only negligible 
change in the temperature and humidity of the air. If 
the air is unsaturated, the water temperature decreases 
because of evaporation and approaches an equilibrium 
temperature between the dew-point and dry-bulb tem¬ 
peratures of the air. The equivalence of wet-bulb and 
adiabatic saturation temperatures is not a general relation¬ 
ship, and for liquids other than water^ the wet-bulb tem¬ 
perature is significantly different from the adiabatic 
saturation temperature. 

Minimum errors in measuring the wet-bulb temperature are obtained with an air 
velocity of approximately 1,000 ft/min over the wetted wick and a supply water 
temperature slightly higher than the wet-bulb temperature being measured. Too high 
a supply water temperature will result in complete evaporation before the steady- 
state condition is reached, while too low a water temperature will result in a rising 
temperature with only a short and difhcult-to-recognize stage at the true wet-bulb 
temperature. 

Equation (14-6a) for the adiabatic saturation process can be written as 

{K - h.) + W*h% __ 0.24«* -t) + 

K-hTf a;,+ 0.45(i - <*) 



W = 


(14-66) 




264 


ELEMENTS OP THERMODYNAMICS 


Example 8. Determine (a) the humidity ratio, (6) the relative humidity, (c) the 
dew-point temperature for air at 80°F dry-bulb and 60°F wet-bulb. (Barometer is 
14.696 psia.) 

Solidion. (a) At 60 and 80®F, from the Steam Tables, 


p* ~ 0.256 psia p, = 0.507 psia 

( i4. - 696 - - 0.256 ) " dry air 

By Eq. (14-66), 


0.24(60 - 80) 4- 0.0111(1,060) 
1,060 + 0.45(80 - 60) 


6.96 

1,069 


0.0065 Ibm/lbm dry air 


Ana. 


(6) From Eqs. (14-26) and (14-la). 


Wp 0.0065(14.696) . 

o:622 + W -M285-pern 


4 , 


0.152 


0.30, or 30% Ana. 


p, 0.507 

(c) At pv, •“ 0.152 psia, from the Steam Tables, 


Dew-point temperature * 46®F Ana. 

Example 4. Compare the enthalpy of air at 80®F dry-bulb and 60°F wet-bulb 
with that of air saturated at the same wet-bulb temperature. Repeat, but for the 
sigma function. 

Solution. From Example 3, for 80°F dry-bulb and 60°F wet-bulb, W «= 0.0065 


H » 0.24t + IF(1,060 + 0.450 * 19.2 -f 0.0065(1,096) - 26.32 Btu/lb,„ dry air 
Z ^ H - W{t* - 32) * 26.32 - 0.0065(28) * 26.14 Btu/lb„. dry air 

For 60°F dry- and wet-bulb, IF* « 0.0111 (Example 3). 

H « 14.4 -f 0.0111(1,087) - 26.46 Btu/lb^ dry air 
2 « 26.46 - 0.0111(28) « 26.15 Btu/lbn. dry air 

Example 6. Compute the heat added for the heating and humidifying process 
of Example 2. Assume that make-up water is supplied at 60°F. 

Solution. For the initial state of 30°F and W « 0.00206, 

c«i - 0.24 4- 0.45ir - 0.24 4- 0.45(0.00206) - 0.2409 Btu/(lb,n dry air)(°F) 

Hi - Cmt + 1F(1,060) - 0,2409(30) + 0.00206(1,060) - 9.41 Btu/lb« dry air 

For the final, or leaving, state at 80°F and W — 0.01090, 

Cm 2 - 0.24 4- 0.45(0.01090) - 0.2449 Btu/(lb„ dry air)(°F) 

Hi = 0.2449(80) 4- 0.01090(1,060) - 31.14 Btu/lb,n dry air 

The enthalpy of the supply water is 

6/ ~ 60 32 28 Btu/lbm water 

By Eq. (14-56), 

Aq' ^ Hi- Hi - {Wi - Wi)hi 

- (31.14 - 9.41) - (0.01090 - 0.00206)(28) - 21.73 - 0.25 
■» 21.48 Btu/lbm dry air 
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14-6. The Psychrometric Chart. Although the properties of the air 
and water-vapor mixture can be readily calculated, it is generally more 
convenient to use a psychrometric chart (Fig. B-5). The typical 
psychrometric chart is plotted in the form of specific humidity versus 
dry-bulb temperature with superimposed lines of constant relative humid¬ 
ity, wet-bulb temperature, and specific volume. The chart is constructed 
for a given total pressure, usually 29.92 in. Hg, but can be used with 
engineering accuracy for most calculations when the real barometric 
pressure differs slightly from standard, say 29.0 to 31.0 in. For large 
deviations from standard barometric pressure, as encountered at altitudes 
of about 2,000 ft and over, or for precise solutions, values should be 
calculated or corrections applied to the chart values. 

Particular values of specific humidity and total pressure set the partial 
pressure of water vapor and, in turn, the dew-point temperature. A 
given specific humidity and dry-bulb temperature give the wet-bulb, or 
adiabatic saturation, temperature; relative humidity; specific volume; 
and enthalpy. Thus, all the psychrometric relationships can be pre¬ 
sented graphically to give a chart on which the state point is located from 
any two of the above properties, with all remaining properties determined 
directly without calculation. 

For convenience, lines of constant wet-bulb (adiabatic saturation) 
temperature are shown as lines of constant enthalpy, although it has been 
demonstrated that the enthalpy increases shghtly along a constant wet- 
bulb line as saturation is approached [see Eq. (14-7a)]. The magnitude 
of this deviation is small and can be neglected in many engineering calcu¬ 
lations. Where needed, it is available directly from lines of enthalpy 
deviation plotted on the chart. This enthalpy deviation is equal to 
(W — where h* is the enthalpy of the water at the wet-bulb 

temperature [or, for temperatures above 32®F, (W — TF*)(/ — 32), thus 
allowing for the relatively insignificant middle term of Eq. (14-7a)]. 

To make an accurate enthalpy balance for a process of varying specific 
humidity, the enthalpy of added or rejected water must also be considered 
[Eq. (14-56)]. This is determined from the product of the amount of 
water added or rejected multiplied by the enthalpy of the water at the 
temperature of addition or rejection, or {Wi — W 2 ){t — 32) for liquid 
water (see Example 7). 

Example 6. Repeat Example 1, using the psychrometric chart. Determine (a) 
the partial pressure of the water vapor and the dew point, (6) the density of each 
constituent, (c) the humidity ratio. 

Solution, Given air at 80®F and ^ — 0.30. 

(o) On the chart, locate 80®F on the abscissa; then ascend vertically to the curved 
line marked “30% ” (0). Proceed horizontally from t » 80®F, ^ » 30 per cent, to the 
saturation curve (which is identified by the equality of the wet- and dry-bulb tern- 
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peratures), and read the dew point, 46°F (Ans.), which agrees with Example 1. The 
partial pressure of the water vapor is obtained, as before, from the Steam Tables for 
the temperature of 46®F. 

(6) Note the diagonal lines sloping downward to the right marked “cu ft/lbm 
dry air/^ At < « 80°F, 0 * 30 per cent, read (interpolate) Va =* 13.74 ftVlbm dry 
air; therefore, 

Po * — = 0.0728 Ibm/ft® Ans. 

Va 


compared with Po “ 0.0729 Ibm/ft® of Example 1. In this same volume is contained 
46 grains of water vapor (scale on right ordinate) and 


Pu, 



46/7,000 

13.74 


0.000478 lb,n/ft3 


Ans. 


compared with 0.000474 \hn/ii^ of Example 1. 

(c) The specific humidity is directly the mass of water vapor associated with 1 Ibm 
dry air, and as found in (6), 


W 


AR grtti^s wat er 
Ibm dry air 


0.00657 


Ibm water 
Ibm dry air 


Ans. 


compared with 0.0065 of Example 1. 

Example 7. Repeat Examples 2 and 5, using the psychrometric chart. 

SoltUion. Enter chart at 30®F and 60 per cent relative humidity, and read, on 
right-hand ordinate, Wi — 14.4 grains/lb^,, or 0.00206 lbn,/lbm dry air. 

Enter chart at 80®F and 50 per cent relative humidity, and read W 2 — 76.3 grains/ 
lb«, or 0.01090 Ibm/lbm dry air. Hence, 

W2 — Wi ^ 0.00884 Ibm or 61.9 grains /Ibm dry air 

At 30°F and 0 * 0.60, the chart shows that 

Hi « 9.30 -f- 0.11 = 9.41 Btu/lbm dry air 

The chart enthalpy deviation could have been calculated from {W — W*)h*, where 
h* is the enthalpy of ice at the wet-bulb temperature, or 

14 4 — 20 

(W - W*)h* « 7 000 (-144.4) * +0.115 Btu/lbm dry air 

At 80°F and 0 * 0.50, 

Hi * 31.30 - 0.11 « 31.19 Btu/lbm dry air 
Here (W - W*)h* - (66.8 - 32) - -0.110 Btu/lb„ dry air 

Correction for the make-up water equals 


(Wi - Wi)(t - 32) » 0.00884(28) * 0.25 Btu/lbm dry air 
Hence, ^q' ^ Hi - Hi - (Wi - Wi)hi - 31.19 ~ 9.41 -- 0.25 

» 21.53 Btu/lbm dry air 

14-6. Air-conditioning Applications. Adiabatic Mixing, A steady- 
flow process frequently encountered in air conditioning is the adiabatic 
mixing of several streams of air to form a conditioned mixture. Suppose 
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that two flow streams enter a system, adiabatically mix, and one flow 
stream emerges (Fig. 14-6). For this system, 


Sm//iout = '^rh/hia 

Therefore, rh/aiHi -f rhfaiHi = {rhfai + rhfa 2 )Hz 

rhfaiWi -h rhfazWz = (W/al + mfa2)Wz 

tt • rhfai Hz -Hz Wz- Wz 

Upon rearranging, _ = 


(14-12a) 


On the psychrometric chart, the final state 3 of the mixture lies on a 
straight line connecting the initial states of the two streams before mixing. 



Fig. 14-6. Adiabatic mixing process on the psychrometric chart. 


This is proved by Fig. 14-6 and Eq. (14-12a) (since the H and W scales 
are linear). 


Line 2-3 _ Hz — Hz _ Wz — Wz _ rh/ai 
Line 3-1 ~ Hi - Hz ~ Wi - Wz ~ rh/az 


(14-126) 


Moreover, as shown by Eq. (14-126), the final state 3 divides the line 
into two parts that are in the same ratio as were the two mass-flow rates 
of the dry air before mixing. 


Example 8. A stream of 2,000 cfm of saturated air at 50°F is mixed with 1,500 cfm 
of air at 80°F and 0 « 60 per cent. Determine the final condition of the mixture. 

Solution. From the chart at 50°F, saturated, r* ** 13.0 ft*/lbm dry air; at 80®F, 
0 « 60 per cent, Va * 13.88 ft*/lb,n dry air. Hence, 


fhfai 

rhfai 


2,000 

13.0 

1,600 

13.88 


154 lb- dry air 
min 

j08!b»4^r 

mm 


The distance between the two initial states can be multiplied by ^^5^62 ^rid distance 
2-3 is located, 

t - 62.5®F ^ - 0.83 Ans, 

Heating and Cooling without Change in Specific Humidity, If air is 
heated or cooled without change in moisture content, the path for the 
process must lie on a horizontal line on the psychrometric chart, such 
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as line 1-2 (Fig. 14-8). The heat transferred can be found from Eq. 
(14-4d) for the condition that 

rhfz = m/4 = 0 

Cooling and Dehumidifying. Suppose that a cooling coil is placed in 
the air stream, as illustrated in Fig. 14-7. One portion of the air will 
contact the coil surface and be cooled along path ah to the dew point, 
and condensation will then take place as the temperature is reduced 
from b to c' or c". A second portion of air, called the bypass air, may 
never strike the coil but instead may be cooled by mixing with the first 
and colder portion. Now, if the coil is infinitely long, the air will mix 
together and assume an average saturated end point such as c. Here 
point c, representing the mean surface temperature of the coil, is called 
the apparatus dew point (ADP). However, in the real system this 
saturated state is never reached, and the final state of the stream will be 
at a point such as d. Since the entire process involves mixing as well as 



Fig. 14-7. Cooling and dehumidifying process on the psychrometric chart. 


cooling, point d will lie on a line between the initial state a and the appa¬ 
ratus-dew-point state c. The heat transfer from this system is evaluated 
by modifying Eq. (14-4d). 

The degree to which the actual process approaches the theoretical is described by 
the bypass factor (BF), defined as the ratio of line length cd to line length ca. The 
bypass factor equals the amount of air bypassed, expressed as a decimal, 


BF 


id - tc 

ta - tc 


1 - 


ta td 

ta tc 


Its usefulness arises from the fact that a given coil has essentially a fixed value of 
bypass factor for each value of air flow over it. 

The relationship between the sensible and latent heat removals from air during a 
process of cooling and dehumidifying is expressed in terms of the sensible heat factor 
(SHF), defined as the ratio of sensible heat removal to the total heat removal, or 


0.24(/a ~ td) 0.24(fa ~ tr] 

Ha - Hd “ Ha - H 


All cooling and dehumidifying lines of given slope on the psychrometric chart have 
the same value of sensible heat factor. Horizontal lines (sensible cooling only) have 
an SHF of 1.0, and the SHF decreases as the slope increases. The sensible heat factor 
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is of importance in the design of air-conditioning systems because of the need to main¬ 
tain desired conditions of both temperature and humidity. There is a definite rela¬ 
tionship between the latent and sensible parts of the load which can be expressed as a 
load sensible heat factor. The load SHF must bear a definite relationship to the supply- 
air SHF in order to obtain the desired room condition. If the load SHF is very low 
(high percentage of latent load), it may be impractical to operate with a sufficiently 
low apparatus dew point to obtain the needed supply-air SHF. In this case, it may 
become necessary to cool and dehumidify to a practical apparatus dew point and then 
reheat the air (on chart move horizontally to right from the condition leaving the coil) 
enough to establish a net slope (that is, SHF) to satisfy the load. 

Air ran be cooled and dehumidified by passing the air stream through 
a spray or curtain of cold water that is chilled by an external refrigerator 
to a temperature lower than the dew point of the initial air. The air 
will be humidified and cooled if the water is supplied at a higher tempera¬ 
ture than the dew point of the air stream and, of course, at a lower tem¬ 
perature than the air temperature. Such processes can be evaluated by 
Eqs. (14-4). 

Evaporative Cooling. If the quantity of water sprayed into an air 
stream were reduced until no leaving stream of water left the system, 
it would be found that the air would be cooled and humidified. The air 
would be cooled even though the temperature of the entering water was 
higher than that of the air. In this instance, the heat capacity of the 





LW [make-up) 


2 I J 




Pump 


Fic,. 14-8. The processes of heating without change in specific humidity and evapora¬ 
tive cooling on the psychrometric chart. 


small amount of water that enters the system cannot markedly increase 
the temperature of the much greater amount of air. But when evapora¬ 
tion occurs and the high latent-heat demands of water are satisfied, a 
pronounced drop in temperature of the air takes place to supply the 
thermal energy. In a similar manner, if a small amount of very cold 
water is introduced and entirely evaporated, the chilling effect of the 
cold water on the hot air is negligibly small in comparison with the 
thermal demands of vaporization. 

In evaporative cooling, a large amount of water is pumped into a spray 
chamber and constantly recirculated without transfer of heat. Thus, 
the temperature of the water will gradually decrease and approach as a 
limit the temperature of adiabatic saturation. To this circulating water 
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must be added make-up water to replace the water vapor that has been 
formed and carried away by the air. The amount of make-up water will 
be small; thus, the effect of its temperature, being other than the wet-bulb 
temperature, on the equilibrium temperature is negligible. 

This type of air washer, with recirculating water that is neither heated 
nor cooled from an external source, is a common means for cooling and 
humidifying air. The path followed by the air during the cooling is essen¬ 
tially at constant wet-bulb temperature (path 2-3, Fig. 14-8), and the 
energy balance for the process is given by Eq. (14-7a). (Note that 
process 1-2 in Fig. 14-8 is quite independent of process 2-3.) 

Example 9. Air at a temperature of 90°F and 30 per cent relative humidity is 
cooled in an adiabatic spray humidifier that uses recirculated water. If the process 
reduces the air temperature by 80 per cent of the original wet-bulb depression, what 
will be the final condition of the air? 

Solution. At i = 90°F, * 0.30; then, from the chart t* = 67.2°F. 

Original wet-bulb depression = 90 — 67.2 * 22.8°F 
Then, the temperature reduction is 

U = 22.8(0.80) « 18.24‘*F 
and the dry-bulb temperature equals 

< » 90 - 18.24 * 71.76®F Ans. 

(The final wet-bulb temperature is the same as the initial value: 67.2®F.) From the 
chart, 

0 =* 0.80 Ans. 

Cooling Tower. A cooling tower is often used to cool water by evapora¬ 
tion. At the top of the tower, hot water is sprayed downward through 
baffles that help to break up the water into small streams or drops to 
present large areas for evaporation. Atmospheric air enters the tower 
at the base and flows upward against the liquid particles; the hot water 
is cooled, mainly by vaporization of a part of the water, while the air is 
raised in temperature and also saturated (essentially) with water vapor. 
Because of the evaporation, the water may be cooled below the dry-bulb 
temperature of the entering air (but it cannot be cooled below the wet- 
bulb temperature). Equation (14-4d) can be directly applied to this 
adiabatic process. 

Cooling towers are commonly rated in terms of approach of the cooled 
water to the atmospheric- (entering-) air wet-bulb temperature for a 
given cooling range^ the decrease in water temperature. Although values 
vary considerably according to the economics of the selection of the com¬ 
ponents of the entire system, typical values are 7°F approach and 10®F 
cooling range for refrigeration-condenser water cooling and 10®F approach 
and 25°F cooling range for process water cooling. 
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Example 10. Water is cooled in a cooling tower from a temperature of 100 to 75^F. 
Air enters the tower at a temperature of 82®F with a relative humidity of 40 per cent 
and leaves at a temperature of 95®F with relative humidity of 98 per cent. Deter¬ 
mine (o) the cooling range and approach, (6) the amount of water cooled per pound of 
dry air, and (c) the percentage of water lost by evaporation. 

Solviton. (o) Cooling range - 100 — 75 - 25°F (Ana.), Entering wet-bulb 

temperature at 82®F dry-bulb and 40 per cent relative humidity is 65®F, and approach 
- 75 - 65 - 10®F (An«.). 

(b) From the psychrometric chart, 

t - 82°F 4> « 40% Hi « 30.0 Btu Wi » 65 grains 

t - 95°F <^ - 98% Hi - 62.2 Btu Wi - 254 grains 

The enthalpy of the water is found from Eq. (14-10o), 

t - 100°F hu - 68 Btu/lbm t - 75‘‘F hn - 43 Btu/lb„ 


With these values substituted into Eq. (14-4d), noting Eq. (14-4c), 


62 2 — 30 -h ~~ (0»0270m/o -f- m/4)68 ^ ^ 

fhfa 


Hence, 


fhfa 


1.214 


Ibm water 
Ibm dry air 


Ana. 


(c) The water lost by evaporation equals rhfz — rhji * m/o(Wt — TTi) » 0.0270 
Ibm water/Ibm dry air, or 


0.0270 


0.0218, or 2.18% Ana. 


1.214 -f 0.0270 

Thus, for every pound of hot water entering the tower, 0.9782 Ibm of cold water leaves. 


PROBLEMS 

1. The temperature in a room is 68°F, and the specific humidity is 0.006. Calcu¬ 
late the relative humidity and the density of each constituent, and find the dew point. 

2. Determine how much moisture must be added to or removed from 1,000 cfm of 
the air in Prob. 1 to change the temperature to 80°F and the relative humidity to 
50 per cent. 

8 . Calculate the heat that must be transferred during the process of Prob. 2. 

4. Air has a dry-bulb temperature of 60°F and a wet-bulb temperature of 50®F. 
Calculate the relative humidity, the humidity ratio, the dew point, and the density of 
the mixture. 

6. Air has a dry-bulb temperature of 75®F and a relative humidity of 50 per cent. 
Determine the temperature of adiabatic saturation, the humidity ratio, the dew point, 
and the enthalpy of the mixture. 

6 . Check Probs. 4 and 5 by means of the psychrometric chart. 

7. A stream of 1,000 cfm of saturated air at 60®F is mixed with 1,500 cfm of recircu¬ 
lated air at 75°F and 60 per cent. Determine the final condition of the mixture. 

8 . Air at 60°F an<J 30 per cent relative humidity is to be added to 1,000 cfm of air 
at 80°F and 60 per cent relative humidity to achieve a resultant mixture at 70®F. 
Determine the amount of air that must be added and the final conditions of the 
mixture. 
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9. A stream of 1,000 cfm of air at 90®F and 90 grains specific humidity is to be 
cooled to 75°F using a cooling coil with surface temperature above the dew point of 
the air. How much heat must be transferred? 

10. The air in Prob. 9 is to be cooled and dehumidified by using a coil with a mean 
surface temperature of 50°F. If the resultant air stream after mixing and cooling has 
a relative humidity of 90 per cent, compute the amount of heat that was removed. 

11. Air at 80®F dry-bulb and 50 per cent relative humidity passes over a cooling 
and dehumidifying coil and leaves at 60°F dry-bulb and 10 per cent relative humidity. 
From the psychrometric chart, find the apparatus dew point, the coil bypass factor, 
the heat removed per pound of dry air, and the sensible heat factor for the process. 

12. Air at 75°F dry-bulb and 60 per cent relative humidity passes over a cooling 
and dehumidifying coil at a velocity such that the coil bypass factor is 0.10. The 
apparatus dew point is 60°F. Determine from the psychrometric chart the leaving- 
air dry-bulb temperature and relative humidity; the latent, sensible, and total heat 
removed; and the sensible heat factor. 

18. The air leaving the coil of Prob. 12 is reheated to 60°F dry-bulb. Determine 
the net sensible heat factor of the combined processes. 

14. Air at 50°F, = 40 per cent, is to be conditioned to 72°F and <f> ^ 50 per cent, 

in the following processes: (a) heating at constant humidity ratio; (6) humidified at 
constant wet-bulb temperature (to saturation); (c) heating at constant humidity ratio. 
Determine the condition of the air after each process and the heat transferred during 
each process. 

16. Repeat Prob. 14, assuming that the air temperature in the evaporative cooling 
process is reduced by 80 per cent of the original wet-bulb depression. 

16. Water at 120°F enters a cooling tower and leaves at 77°F. Air enters the tower 
at 80®F and 30 per cent relative humidity and leaves at 110°F. Determine the air 
flow necessary to furnish 100,000 Ibm/hr of cooled water and the water make-up rate. 
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CHAPTER 15 


VAPOR CYCLES AND PROCESSES 

Let us, while waiting for new monuments, 
preserve the ancient monuments. 

Victor Hugo 


In the past, the vapor cycle has had heat supplied by a combustion 
process; now, and in the future, the nuclear reactor has replaced, and will 
continue to replace, the furnace. 

16-1. The Cycle Work Ratio. A theoretical power cycle may have a 
high thermal efficiency; yet the real prototype may have an extremely 
low thermal efficiency. A warning of this possibility is given by the 
work ratio rwt 

_ net work from cycle _ 2 ATT ns; n 

plus work of cycle 2 + ATF ^ 

For example, the work quantities and work ratio for a Carnot cycle are 
found to be (Example 1) 

QOQ A 

ATFturb = 452.7 Btu = -123.1 Btu = 0.729 

Suppose that the expansion and compression efficiencies of the real 
prototype cycle are 0.50; then 

ATFturb = 226.35 Btu = -246.2 Btu rw = = -0.0825 

And the real cycle cannot operate as a power cycle because work must be 
supplied! Moreover, the fixed costs of the installation are high when the 
work ratio is low. For a cycle with work ratio of 0.1, it would be neces¬ 
sary to buy, install, and maintain a turbine of 10,000 hp and a com¬ 
pressor of 9,000 hp to produce 1,000 hp! 

16-2. The Camot Power Cycle. Suppose that a Carnot cycle operates 
within the two-phase region of a substance (Fig. 15-la). Here processes 
be and da are at constant pressure as well as at constant temperature. 
If the processes are nonflow, the substance must be confined in a cylinder 
by a piston. An essentially adiabatic compression or expansion process 
could be readily accomplished, but the isothermal processes (6c and da) 
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would involve both heat and work. In practice, it is easier to construct 
machines that involve only work or only heat because the combination of 
work and heat in one process requires the real machine to be operated at 
very slow speeds. Also, the changes in volume are large, and therefore 
the piston-cylinder size tends to be excessive for any process. For these 
reasons, a series of flow processes is best used for executing the vapor 
cycle. Thus, the isothermal processes he and da of Fig. 15-la (which are 
difficult processes in a nonflow cycle) can be easily approached by using 
flow processes: a boiler for process he and a eondenser for process da. 

In the flow system of Fig. 15-16, saturated vapor e leaves the boiler, 
enters the turbine, and expands to state d. The two-phase mixture at d 
enters the condenser, where it is cooled to state a, and then it enters a 


A/ef work 
of cycle 
{ovoiloble 
energy) 


Critical 

point 


Heot r^'ected 
{unavailable 
energy) 



SURROUNDINGS 



Fig. 15-1, Carnot cycle for a vapor such as steam. 


compressor, where it is compressed to the saturated-liquid state 6. The 
cycle is completed by vaporizing the liquid in the boiler at constant 
pressure and temperature. Since each process involves only heat or 
only work, high-speed operation can be accomplished and therefore the 
Carnot cycle could serve as the model for a power plant. 

The heat passing to the power cycle is obtained, usually, from a com¬ 
bustion process and, for high furnace efficiency (Art. 8-4), the gases of 
combustion should be cooled as close as practicable t to the surrounding 
temperature To. But consider Fig. 15-2. If a Carnot cycle were to be 
used with this heat reservoir, the combustion gases could be cooled, at the 
most, to Ta (and the practical limit would be Ta plus several hundred 
degrees in order to have speed of heat transfer). It follows from Fig. 
15-2 that the furnace for a Carnot cycle would have an extremely low 
efficiency. 

t Actually, a temperature of about 300°F is desired to avoid condensation of water, 
which leads to corrosion of the chimney of the furnace (and sulfur dioxide formed by 
combustion of sulfur in the fuel unites with water to form sulfurous acid). 
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It can be concluded that, although the Carnot cycle could serve as the 
model for a power cycle, a better selection can undoubtedly be made 
because of the following objections: 

1. The low work ratio indicates that the real power cycle will probably 
have a low thermal efficiency. 

2. The low work ratio predicts high fixed costs for a given output. 

3. The furnace efficiency will be low since low-temperature heat is not 
required by the cycle. 

Because of objections 1 and 3, it can be surmised that the power plant 
which uses a Carnot cycle as the model will have a low over-all efficiency 
(Examples 2 and 4). 

16-3. The Rankine Power Cycle. A cycle with a high work ratio can 
be obtained by substituting a liquid-compression process for the work¬ 
consuming vapor-compression process of the Carnot cycle. Thus, in 
Fig. 15-3, the Carnot cycle is modi¬ 
fied into a Rankine cycle by complet¬ 
ing the condensation process to the 
saturated-liquid state in the con¬ 
denser and then reversibly pumping 
the saturated liquid to the boiler 
pressure, state h. By so doing, two 
objectives are attained: 

1. The work ratio is raised con¬ 
siderably since relatively little work 
is required to pump a liquid (Art. 5-8d 
and Chap. 9, Example 7). 

2. The furnace efficiency is raised 
since heat is now required to raise the 
temperature of the liquid from state 
h to state c. 

Thus, heat is added at constant pressure and with increasing tempera¬ 
ture from h to c, and at constant temperature and pressure from c to d: 
processes that take place in the boiler. The remaining processes of the 
cycle are reversible and adiabatic expansion de in a turbine, constant- 
temperature and constant-pressure condensation ea in a condenser, and 
reversible adiabatic compression ah in a liquid pump. 

In an idle steam power plant, the condenser contains air at atmospheric pressure. 
When the turbine is started, steam can expand only to the condenser pressure, and this 
will be atmospheric pressure. An air vent on the condenser is connected to an air 
pump, and the air (and its contained steam vapor) is pumped from the condenser. 
The exhaust steam from the turbine, on condensing upon the cold condenser tubes, 
suffers a tremendous contraction of volume, and therefore the pressure falls. The 
pressure continues to fall until all the air is removed; then, the pressure in the oon- 



Fig. 15-2. Carnot cycle can cool the 
combustion gases only to 
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denser will be that dictated by the vapor pressure of the condensate. This pressure is 
controlled by the temperature of the cooling-water supply. For example, when steam 
condenses, a high vacuum exists at the normal temperature of the coolant; at 60^F 
the saturation pressure of steam is 0.2563 psia. Thus, the air pump must be kept in 
continuous operation to remove air that leaks into the high vacuum system, and this 
pump work is an added cost of operation. Note, especially, that the steam from the 
turbine can expand only to ihtynixiure pressure in the condenser; hence, the presence 
of air prevents the attainment of the maximum work. 

Although this argument is based upon pressure, it should be remembered that 
pressure is only the incidental factor in obtaining the maximum work. The prime 
essential is to operate the cycle between the highest and the lowest possible tempera¬ 
tures. But the attainment of the lowest temperature is also reflected by the attain¬ 
ment of a definite pressure, which is dictated by the pressure-temperature character¬ 
istics of the fluid. Therefore, fluids, such as steam, which have low vapor pressures 
at atmospheric temperatures are undesirable because leakage of air into the system 
will prevent expansion to the pressure dictated by the lowest possible temperature. 
(But water is inexpensive.) 

Example 1. Determine the thermal efficiency of the cycle and the over-all effi¬ 
ciency for a power plant using the Carnot cycle of Fig. 15-1 if the furnace efficiency is 
75 per cent, the pressure at be is 600 psia, and the temperature at ad is 60°F. 

Solution. The work of each process will be found in view of Example 2, 


p « 600 psia 

hg « 1,203.2 

hf * 471.6 

hfg » 731.6 

t « 486.2rF 

= 1.4454 

Sf * 0.6720 

Sfg » 0.7734 

p = 0.2563 psia 

hg « 1,088.0 

hf « 28.06 

hfg = 1,059.9 

t = 60°F 

Sg = 2.0948 

«/ =* 0.0555 

s/^ = 2.0393 

The enthalpy at state d can 

be found from 

the Mollier chart 

or by calculation. 


Sc ■“ Sd — Sf —f* XSfg 

1.4454 = 0.0555 + a:(2.0393) 

hd — bf I xhfg 

= 28.06 -h 0.6816(1,059.9) 

and*, in the same manner, 

Xa = 0.3023 ha = 348.5 


Xd = 0.6816 

hd = 750.5 


The work for each process is 

AWbe — AWda = 0 (constant-pressure flow process) 
AWed * -Ah * 1203.2 - 750.5 « 452.7 Btu/lb,n 
AWab » -Ah = 348.5 - 471.6 « -123.1 
S Aw = 329.6 Btu/lbm 

This answer can be checked: 


S “ Ahc - TsAsbe « 731.6 - 519.7(0.7734) = 329.7 Btu/lb„ 
With these data, 

Ta - Tr 486.21 - 60 


Vt 


0.45, or 45% Ans. 


Ta 486.21 -f 459.7 

The over-all efficiency is the product of furnace and cycle efficiencies, 
^ * 0.45(0.75) * 33.7% Ans. 
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Example 2. Upon test of the cycle of Example 1, the expansion efficiency was 
found to be 0.85 and the compression efficiency 0.50, although both processes were 
essentially adiabatic. The furnace efficiency was not changed by the irreversibilities 
in the cycle. Determine the thermal efficiency of the cycle and the over-all efficiency 
of the plant. 

Solyiion. The cycle for this problem would resemble that in Fig. A . For the work 
of the compressor and the state at h\ 


Vr 


hh' 


AWah —Ahah —123.1 ^ ^ 

T- * --T- ** -Tl- ■* 0.50 

Aw ah* — Ahab* — Aflah 

— 19 ^ 1 

Q gQ - -246.2 Btu/lb» 
ha + - 348.6 + 246.2 - 594.7 Btu/lb„ 


For the work of the turbine, 

AUIcf' — Ahcd' — ^hed' A OR 

“ Ato.j " ~6.hci ~ 452.7 “ 

Aw.d- = 452.7(0.85) - 384.8 Btu/lb„ 

The heat transferred to the cycle is 

AqA --he - hi/ - 1203.2 - 594.7 « 608.5 Btu/lb« 



Fig. a 

Note that less heat need be added than in Example 2 because of the dissipation of work 
in fluid friction. With these data, 




V 


Z Aw 
Aqa 
mvf ■ 


384.8 - 246.2 
608.5 
0.228(0.75) 


0.228, or 22.8% 
0.171, or 17.1% 


Ans. 

Ans. 


Example 8. Repeat Example 1, but for a Rankine cycle (Fig. 15-3) and therefore 
with an improved furnace efficiency, say 85 per cent. 

SoliUion. The pump work for the liquid is closely —vAp (Chap. 9, Example 7), and 
at t « 60®F, Vf « 0.01604 ft»/lbm; hence, 

_ _ 0 ^ 1604(600 - a2563)(144) _ _i.78Btu/lb„ 

77o.lo 


The properties at each state are (Steam Tables and Example 1) 

ha ^ 28.06 hb « 29.84 hd « 1203.2 K « 750.5 
8a * 0.0555 8b — 0.0555 Sd ■* 1.4454 *=* 1.4454 
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Then, 

Aqa — hd — fefc ■* 1173.4 Btu/lb,„ 


AQr ha he ^ — 722.4 


S Aw « 451.0 Btu/lb« 


At^turb * hd * 452.7 Btu/lbm 


AlUpump “ ha ”*■ hb “ “*1.78 Btu/lbflt 


With these data, 

X Aw 451.0 /V004 no A 

V ®* ViVf ^ 0.384(0.85) ~ 0.326, or 32.6% Ans. 

Note that the thermal efficiency of the Rankine cycle is less than that of the Carnot 
cycle but that the over-all efficiency of the Rankine power plant is about the same as 
that of the Carnot power plant (Example 1; see also Example 4). 

Critica/ 



(fl) Kb) 

Fig. 15-3. Rankine cycle (temperature rise ah greatly exaggerated). 


Example 4. Repeat Example 2, but for the Rankine cycle and the data of Example 
3. 

Solution. The cycle for this problem would resemble that in Fig. B. For the work 
of the pump and the state at 6', 

AWab Ah^b 1.78 p. 

rjc « - = — TT — = ^ — - 0.50 

Aw ah’ Ah/ab’ —“ Aflab’ 

— 1 7S 

Aw ah' = -7rin~ " —3.56 Btu/lbm 

U.oU 

h,.- = fc. + Ah.,.- = 28.06 + 3.56 - 31.62 Btu/lb„ 



Fig. B 
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The work of the turbine will be the same as in Example 2, 384.8 Btu/lbm. The heat 
transferred to the cycle is 

Agx ^ hd - h' » 1203.2 - 31.6 - 1171.6 Btu/lb,n 

- 2 Au? 384.8 *“ 3.56 ^ qor oo kot a 

Therefore, ijt ** i— **- ^ - — 0.325, or 32.5% Ana. 

aqA 1171.0 

V *“ 0.325(0.85) *■ 0.276, or 27.6% Ana. 

Hence, the Rankine cycle as a model for the power plant is far more desirable than a 
Carnot model since the furnace efficiency can be higher and the cycle itself is less 
sensitive to irreversibilities: the over-all efficiency is greater than that of the Carnot 
model. 


The data from Examples 1, 2, 3, and 4 can be compared: 



Example 1 

Example 2 

Example 3 

Example 4 


Theoretical 

Carnot 

Theoretical 

Rankine 


Carnot 

model 

Rankine 

model 

Thermal efficiency, %. 

45 

22.8 

38.4 

32.5 

Over-all efficiency, %. 

33.7 

17.1 

32.6 

27.6 

Work ratio. 

0.729 

0.360 

0 995 

0.990 


The foregoing examples indicate that, although the Carnot cycle is 
theoretically most desirable, practically, the Rankine cycle is less sensi¬ 
tive to irreversibilities that are always present in real systems. Since 
the net work of the Carnot cycle is low and, therefore, equipment size 
and cost high, it becomes evident that improvements in the Rankine 
cycle are the most logical fields to explore. 



Fig. 15-4. Rankine cycle with superheated steam (temperature rise ab greatly 
exaggerated). 
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The thermal efficiency of any cycle can be increased by increasing 
the temperature of the heat-addition process. But for water, as is 
evident in Fig. 15-4, the increase in temperature is accompanied by a 
considerable increase in pressure. (In fact, for a temperature of 705®F— 
the critical temperature—the critical pressure is 3,206 psia.) Because 
of this, steam must be superheated if the highest possible temperature 
is to be attained in the cycle. In Fig. 15-4 is shown a Rankine cycle 
that uses steam superheated to 740°F (the name Rankine cycle does not 
limit the state of the steam). This cycle can be analyzed in the same 
manner as illustrated in Examples 1 and 3. However, it is instructive 
to consider the cycle to be made up of three independent cycles, By 
and C. Cycle A is the cycle added to the Carnot cycle B to eliminate 
the vapor-compression process. Cycle Q can be called the superheat 
cycle. Then for these cycles: 



1 


2 

3 

4 


Heat added 


Work 
(1) + (2) 

Thermal 


Btu 

% of 
total 

Heat rejected 

efficiency, % 
(3) + (]) 

Cycle A 

he — hf} 

441.8 

32.8 

— Tnise — Sb) 
-320.4 

121.4 

27.5 

Cycle B 

hd — he 
731.6 j 

54.5 

— Tnisd — Sc) 
-401.9 

329.7 

45.1 

Cycle C 

170.8 

12.7 

— Tnise — Sd) 

- 84.0 

86.8 

50.8 


ZAQa = '1344.2 

"looT 

XAQr = -806.3 

ZAW= 537 . 9 ” 



2) AW 
“ 2 AQa 


0.400, or 40.0 per cent 


The tabled values reveal, quite clearly, that cycle A, wherein water 
is heated from the lowest temperature to the saturation temperature, 
has a particularly low thermal efficiency that exerts a strong influence 
on the over-all efficiency because of the relatively large amount of heat 
added. Cycle C does not radically affect the over-all thermal efficiency 
(or the efficiency of the Carnot cycle B) because the superheat accounts 
for only 12.7 per cent of the total heat transferred to the system. This 
analysis indicates that the properties of water are not particularly 
suited to the prime requirement for maximum thermal efficiency: heat 
to be transferred to the cycle at the highest possible temperature. 

An advantage of superheat, not shown by a theoretical analysis, is 
the elimination, in part, of moisture from the steam in the last stages 
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^ TKIX 1“ 


Critical 

point 


Medium pressure 


for safety 

Low heat capacity 
for liquid 

p>p^fo eliminate air 


pump on condenser 
- High latent heat —■ 
of vaporization 


Steep 
poturotion 
locus to 
ovoid 
moisture 
in turbine 


of the expansion in the turbine. Note that increasing the pressuref 
of the Rankine cycle and so increasing the temperature of heat addi¬ 
tion also cause the final condition of the steam to become increasingly 
wet (Fig. 15-4). The presence of over 10 per cent moisture in the 
steam will cause quite serious erosion of the turbine blades and, also, a 
decreased engine efficiency; these conditions can be corrected by super¬ 
heating the steam. 

16-4. The Ideal Fluid for the Rankine Cycle. In view of the dis¬ 
closures in Art. 15-3, a digression will be made here to consider the 
properties of an ideal fluid. The ideal fluid for the Rankine cycle, and 
therefore the ideal fluid for the indus¬ 
trial power plant, should have the 
following properties: 

1. The latent heat of vaporization 
should be large and the heat capacity 
of the liquid should be small [at least 
relative to each other, for then the 
effect of cycle A (Fig. 15-4) on cycle 
B would be negligible and the efficiency 
of the Rankine cycle (cycles A + B) 
would be essentially that of the 
Carnot cycle B]. 

2. The critical point should be above the highest operating temper¬ 
ature. [This would allow the temi>erature of heat addition to cycle B 
(Fig. 15-4) to be increased to the highest possible value that the material 
can withstand.] 

3. The vapor pressure, at the highest operating temperature, should 
not be high. (High pressures not only are dangerous but also increase 
design costs and maintenance problems.) 

4. The vapor pressure, at the lowest operating temperature, should 
be higher than atmospheric pressure. (This would prevent air from 
leaking into the condenser, thus raising the mixture pressure, which is 
the pressure of exhaust for the turbine and therefore controls the work 
output to a great extent.) 

5. The entropy of the saturated vapor should not change markedly 
with change of pressure; this would require the locus of saturated-vapor 
states on the temperature-entropy diagram to be steep. [However, it 
should not be at such an angle that the steam is in the superheat region 
as it enters the condenser, for then the steam has not expanded to the 


Fig. 15-5. Characteristics of an ideal 
fluid for the Rankine cycle. 


t Most modern large central stations are designed for 800 to 900 psia, 900 to 925®F 
operation, although pressures of 1,500 psia are not uncommon and several super- 
critical (4,500 psi) plants are in operation. Smaller industrial plants use pressures 
of 300 to 600 psia and temperatures of 450 to 750°F. 
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lowest possible temperature, the condensation temperature at the exhaust 
pressure. Too, the rate of heat transfer is higher for wet steam than for 
superheated steam. But neither should the steam, in passing through 
the turbine, become too wet (more than 10 per cent moisture); else 
erosion of the turbine blades and reduced blading efficiency will become 
problems.] 

6. The properties of the fluid should be conducive to high rates of 
heat transfer in order that both surface areas and temperature differences 
can be small in the heat exchanger. 

7. The fluid should be cheap in cost, stable, nonexplosive, and non- 
corrosive under all conditions of operation, and nonpoisonous for safety 
of personnel. 

No fluid is known that satisfies all these desirable characteristics, 
which are illustrated, in part, by Fig. 15-5. Water, of course, is the 
usual fluid for the power cycle because it is cheap and plentiful. The 
problem, then, is either to discover a perfect fluid or else to adapt the 
Rankine cycle to the properties of water in order to obtain the highest 
possible thermal efficiency. 

16-6. The Reheat Cycle. It should now be evident that raising 
the average temperature of heat additions to the water in a Rankine 
cycle requires not only superheat but also a high pressure, which causes 
an excessive increase in the moisture content of the steam in the expansion 
process through the turbine. This fault can be corrected by the reheat 
cycle (Pig. 15-6), which is a modification of the Rankine cycle. Here 
steam is expanded in a turbine to an intermediate pressure (h) where the 
moisture content is not excessive. The steam is piped back to the 
furnace, reheated to the initial temperature (process hi)^ and then 
expanded in a second turbine to the condenser temperature (process ij). 
Inspection of Fig, 15-6 shows that expansion within the two-phase region 
has been decreased by the reheat. 

Whether or not the reheat cycle will have a greater efficiency than 
the Rankine cycle can be visualized by means of Fig. 15-6. Note that 
the reheat cycle can be considered to be made up of cycles A, R, C, and 
D. Hence, reheating the steam will increase the thermal efficiency 
only if the efficiency of cycle D is greater than the efficiency of the 
Rankine cycle (A + B + C). The thermal efficiency of cycle D depends 
directly upon the temperature of state h. If the temperature of h 
is close to the temperature of d, then reheating will raise the thermal 
efficiency of cycle ABCD above that of cycle ABC. If reheating is 
delayed until the expansion has proceeded to the neighborhood of point k, 
then cycle D may have a low thermal efficiency, and the combined 
efficiency of cycle ABCD may be less than the efficiency of the Rankine 
cycle ABC. 
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Although reheat can be employed as a means for raising the thermal 
efficiency of a cycle, the thermodynamic gain is small, and therefore the 
main purpose of the reheat is to eliminate erosion caused by moisture. 
Because of this, reheating is used when high operating pressures cause a 
high percentage of moisture to appear in the expansion process. Not 
only is erosion relieved, but also the engine efficiency of the turbine is 
increased by the decrease in moisture. Accompanying these advantages, 
however, are the disadvantages caused by the increased cost and com¬ 
plexity of the system. Since the steam to be reheated is at low pressure, 
the volume is large and the friction losses are high in transporting the 
steam to the reheater in the furnace and then back again to the low-pres¬ 
sure turbine. For these reasons, increasing the superheat, without 
reheating, may be an easier but less effective means of approaching the 
same end point. 


e i 



Fig. 15-6. Reheat cycle (temperature rise ah greatly exaggerated). 

15-6. The Regenerative Cycle. The thermal efficiency of the Rankine 
cycle is less than that of the Carnot cycle because heat is added at 
other than the highest temperature. But this deficiency can be elim¬ 
inated by regenerative heating, although the method to be first discussed 
is highly impractical. In Fig. 15-7, the condensate is pumped to boiler 
pressure and then led through heat-transfer coils installed in the turbine. 
By this method, the fluid can be conceived to be reversibly raised in 
temperature from b to c, while the expanding fluid can be conceived to be 
reversibly cooled from d to e. The thermal efficiency of this regenerative 
cycle is equal to the Carnot efficiency. The proof of this statement is 
contained in the following three conditions: (1) Heat is added to the 
cycle at one constant temperature Ta* (2) Heat is rejected from the 
cycle at another constant temperature Tr, (3) Ail processes are (or can 
be conceived to be) reversible. Then, by the reasoning in Art. 7-1, the 
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T 


^^ump 

Fig. 15-7. Keenan’s theoretical regenerative cycle (temperature change ah and, there¬ 
fore, eh. greatly exaggerated). 

efficiency of this reversible cycle is equal to that of a Carnot cycle, which 
employs the same two heat reservoirs. 

However, even if such a regenerative turbine could be constructed, 
it would be undesirable for fluids such as water, because the moisture 
content of the expanding steam in the turbine would be increased by 
the cooling. An alternative method can be proposed. In Fig. 15-8a 
is shown a regenerative system wherein a small fraction y of the steam 
is extracted from the turbine before it has completely expanded to the 
final temperature. The extracted steam is mixed with the feedwater 
in an ^^open’^ heater, f In this manner the temperature of the water 
can be increased (from h to c) by condensing the extracted steam (from 
i to c) without changing the quality of the steam within the turbine. 
With an infinity of extraction points, each at a different temperature of 
the expansion process, and an infinity of heaters, the temperature differ¬ 
ence between the extracted steam and the feedwater will be made infi¬ 
nitely small and the irreversibility of mixing will be similarly decreased. 






Fig. 16-8. The regenerative (extraction) system (temperature rise in pumps greatly 
exaggerated). 

t An open heater is a mixing or direct-contact heater. In a closed heater, the hot and 
cold fluids are separated, heat being transferred through metal coils (Fig. 16-9). 
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For this hypothetical system, heat will be transferred only at the highest 
and lowest temperatures that are experienced by the system. With a 
finite number of extraction points, the irreversibility of each mixing 
process is a loss in available energy. Despite this loss, the thermal 
efficiency of the irreversible regenerative ‘^cycle^^ can be greater than the 
thermal efficiency of the reversible Rankine cycle. This is so because 
heat is added at a higher average temperature in the regenerative system, 
and therefore a greater percentage of this heat can be converted into work. 
The proof of this statement is easily shown. Let 1 Ibm of steam enter the 
condenser of Fig. 15-8 for either an extraction cycle or a Rankine cycle so 
that Agfi is a fixed number: 

_ 2 AW _ 1 

lAW + Aqr 1 + Aqn/(X AIF) 

Since S AW will be greater for the extraction cycle of Fig. 15-8 [(1 + y) 
Ibm of steam must enter the turbine at ^], its thermal efficiency must also 
be greater than that of the nonextraction cycle. 

The temperature-entropy diagram for the fluid in a one-heater regen¬ 
erative system is constructed, more usually, for 1 Ib^ and (1 — y) Ibm of 
fluid, and the quantity of fluid present in each process is shown on the dia¬ 
gram (Fig. 15-86). Note that the quantities of steam y and (1 — y) 
undergo different cycles. The path ahcdehija is followed by the fraction 
(1 — y); the path cdehic is followed by the fraction y. Thus, the name 
regenerative cycle is not precisely correct because a combination of 
cycles is present; usage, however, justifies the name. In other words, 
the irreversible regenerative system, itself, cannot be shown on the Ts 
diagram, but the paths followed by each portion of the fluid in the real 
system can be accurately portrayed. However, because of the irreversi¬ 
bilities, proper interpretation must be made as to which of the areas on 
the diagram represent transfers of heat to the system. The heat added 
to the system (determined from Fig. 15-8o) is 


AQa = hH-ha ^ - r - .V L K 1 

Ibm water through boiler 

The heat rejected from the system involves only the fraction (1 — y): 

^Qr (1 y){ha Ibm water through boiler 

The work done in processes hi and cd is 


AWfc, Qih hi) ^ater through boiler 

A Wed {he hd) water through boiler 
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Processes ij and ah involve only the fraction (1 — 2/)> and the work is 


- (1 - - K) lb. through boiler 

AH'. - (1 - v)ih. - K, lb. „.ter thigh boiler 

For a finite number of heaters, the irreversibility of mixing can be 
held to a minimum by dividing the temperature rise equally among the 
heaters. Thus, in Fig. 15-8 the cold water at h could be pumped into a 
boiler and the temperature difference he would exist between the cold 
water and the boiler water. This irreversibility is cut in half by using 
one extraction heater to raise the temperature from 5 to c before the 
water enters the boiler. (In effect the boiler acts as a heater to raise 
the temperature from d io e.) If two heaters are used, the temperature 
rise from 5 to e is divided into three parts, one part for each heater and 
the third part for the boiler. (Even if the cycle is a superheat cycle, 
the same reasoning is valid: The temperature rise from condenser to 
boiler is divided into equal increments without regard for the tempera¬ 
ture of superheat.) 

The amount of steam that must be extracted for each heater is readily 
found from the First Law. The heater in Fig. 15-8 can be arbitrarily 



Fig. 15-9. Feedwater heaters. 


enclosed by a boundary to form a new system (Fig. 15-9a). For this 
flow system, which is essentially adiabatic. 


S AQ - S ATT = Sm A/i 


Xm Ah = 0 

he = yhi + (1 ~ y)hb 

he **” hb 


y 


hi ^ hb 


Therefore, 
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If two or more heaters are used, each heater can be considered to be an 
independent system and analyzed in the same manner as shown here. 
The heater closest to the boiler must be first analyzed, or else there will 
be more than one unknown. 

In commercial applications, closed heaters, such as that illustrated 
in Fig. 15-96, are more usually encountered. Here the feedwater is 
passed through coils in the heater and not directly mixed with the 
extracted steam, although the condensate from the extracted steam is 
pumped into the feedwater line, as shown in Fig. 15-96. For the system 
of Fig. 15-96, the First Law can be applied: 

S AQ - S ATF = Sm A/i and S AQ = 0 
and —y Aw = he — yK — (1 — y)hh 

he — hh 

y — - 

hi — hh — Aw 

(In this equation, the value substituted for AW will be negative, by 
convention.) In the actual installation the saturation temperature U 
of the extracted steam is hotter than the temperature U of the leaving 
feedwater, and this terminal difference may range in value from 5 to 20®. 

Example 6. A Rankine cycle operates with steam between the limits of 600 psia, 
740 and 60®F. (The same data were used in Art. 15-3 for the superheated Rankine 
cycle.) Determine the thermal efficiency if a heater is installed to heat the feedwater 
in the manner illustrated in Fig. 15-8. 

Solution. The optimum extraction pressure for the heater is first determined: 

p * 600 psia te =* 486.21°F 

h » 60°F 

546.21 -I- 2 - 273.rF 


The pressure corresponding to this temperature is 44 psia. The properties at different 
states throughout the cycle are shown in Fig. C (Mollier chart and Steam Table 
values). 



s 


Fig. C 
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The enthalpies at states h and d are calculated: 

- 241.9 + - 243.72 Btu/lb. 

ft* - *. + 4 AP - 28.06 + 0 0400(44^-^0.25)144 _ jg Btu/lb. 


The fraction of extracted steam is calculated: 

he - h 241.95 - 28.19 
^ ~ hi -h” 1128 - 28.19 


0.195 


The heat added is equal to 

AQa ^hk-hd -- 1374 - 243.7 « 1130.3 Btu 


The heat rejected is equal to 

AQr * {ha - hj){l -y) ^ (28.06 - 834.6) (6.805) -= -649.3 Btu 
and the thermal efficiency is 

= SI = or 42.6 per cent An,. 

Compare this with the superheated Rankine cycle efficiency, 40.0 per cent. 

Figure 15-10 illustrates a two-heater system which does not require aux¬ 
iliary pumps because the condensate of the extracted steam is “flashed’^ 



Fig. 15-10. A two-heater regenerative system (terminal differences and temperature 
rise in pumps greatly exaggerated). 


or “cascaded^^ back to a low-pressure region. Here the fraction (1 — 
yi "" 2 / 2 ) passes through the cycle abcdehijkla; the fraction 2/1 passes 
through the cycle abedehijmnopa; the fraction 2/2 passes through the cycle 
ahedehijkopa. For this system 

AQa ~ K he ^ater through boiler 

AQr = (ha - hi)(I - yi- 2/2) + (ha - h^)(yi + 2/2) 

ATFturbine = (hi — hj) + (hj — hk)(l — 2/1) + (hk — hi)(l — 2/1 — 2/2) 

ATFturbiae = (hi — hl)(l — ?/l — I/ 2 ) + (K — + (hi — hk)y2 
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Note that the terminal difference for heater 1 is for heater 2 it is 

In some instances the extracted steam is used for process work other 
than to warm the feedwater. A system of this type can be called an 
extraction system but not a regenerative system. 

16-7, The Binary-vapor System. The discussion in previous arti¬ 
cles has indicated that an ideal fluid and a Rankine cycle would offer 



Fig. 15-11. The binary-vapor system (temperature rise in pumps greatly exaggerated; 
complete detail not shown for HjO Ts diagram). 

the best practical solution to the problem of converting heat into work. 
In the absence of an ideal fluid, the Rankine cycle can be modified into 
a regenerative cycle, but here the low critical temperature of water 
mitigates against adding all the heat at the highest possible tempera¬ 
ture. This disadvantage of water for high-temperature operation can 
be overcome, in part, by “topping’^ the regenerative cycle with a cycle 
that uses a fluid with a higher critical temperature than that of water 
and, also, a lower heat capacity for the liquid phase. Thus, in Fig. 
15-11, a hinary-vapor system is illustrated, consisting of a regenerative 
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cycle, which uses water as the fluid, and a Rankine-model cycle, which 
uses mercury as the fluid. 

The properties of mercury (given in Table B-5) are such that the 
pressure is only 180 psia for a vaporization temperature of 1000®F. 

Since the heat capacity of the liquid is 
small, a regenerative cycle is not de¬ 
manded, f and the Rankine-model cycle 
can be used. Heat is transferred to the 
mercury cycle to heat the liquid at state 
I to the saturated vapor state m. The 
mercury vapor then expands in a turbine 
to the temperature n with corresponding 
pressure of 2 psia. (Expansion cannot 
be made to 60®F because the vacuum in 
the mercury condenser would be ex¬ 
tremely high and therefore impractical 
to maintain.) Condensation of the 
mercury takes place in a condenser that is also a boiler for the water cycle. 
The mercury is pumped back into the mercury boiler to complete the cycle. 

The bottom fluid of the system passes through the processes dictated 
by the extraction cycle. Here heat is added to superheat the steam and 
so decrease the moisture content in the final stages of expansion. 

However, the mercury cycle must maintain a greater mass-flow rate 
than the steam cycle since the latent heat of vaporization of steam is 
considerably greater than that of mercury. The relative flow rates can be 
determined by an energy balance on the adiabatic system of Fig. 15-12 
(which is also shown in Fig. 15-11): 


/brn Hg 



Fig. 15-12. Flow system of mer¬ 
cury condenser and steam boiler. 


zQin — hk) = hd — he 


The work and heat transfers for the binary-vapor system will be 
computed on the basis of 1 Ibm flow of water through the boiler: 

^Qa = - hi) + ih. - hi) ib^ H2O through boiler 

= {K - hj)il -yi- yt) jb^ HjO through boiler 

APTiurbioe. = Z(hm — ^n) + (he ~ hh) + (hh ~ hi) (I “ t/i) 

+ {hi - /»,)(! - 2/1 - 1/2) ib„ HjO through boiler 

t A regenerative cycle would be undesirable because the efficiency of the furnace 
would be decreased. 
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The pump work is computed on the same basis noting that ATTpi is for 
z Ibm Hg, AWp 2 is for yi Ibm H 2 O, AWpz is for yz Ibm H 2 O, ^17^4 is for 
(1 - 2/1 - 2/2) Ibm H2O. 

Thus, to achieve the objective of adding heat at the highest possible 
temperature, a binary-vapor cycle can be used since no one fluid is 
known that possesses all of the desirable characteristics of an ideal 
fluid. Mercury has certain advantages as a topping fluid (items 1, 2, 
3, and 5 of-Art. 15-4). It also has disadvantages: 

1. High cost: The Kearny Station of the Public Service Electric and 
Gas Company of New Jersey produces 50,000 kw from a mercury-steam 
binary cycle. The binary system requires about 400,000 Ibm Hg or 
approximately 8 Ibm per net kilowatt output. Assuming a market value 
of $1.00 Ibm Hg, the mercury in the system represents an investment of 
$400,000. 

2. Not only are leaks from the system expensive, but also mercury 
vapor is quite toxic. Maintenance costs are increased to guard against 
leakage. 

3. Mercury does not ^Vet^^ steel surfaces, and therefore heat transfer 
is hindered. The addition of small amounts of magnesium and titanium 
has largely eliminated this difficulty. 

4. Iron is soluble in mercury at high temperatures, and therefore special 
steels must be used. 

The mercury cycle at the Kearny Station operates between limits 
of 140 psig, 975®F, and 1 in. Hg pressure while developing 20,000 kw. 
The steam cycle operates between limits of 365 psig, 750®F, and 1 in. 
Hg pressure while developing 30,000 kw. The thermal efficiency of 
the system is about 37 per cent. This efficiency has been exceeded 
only by the diesel engine, although the reciprocating engine is built 
in much smaller sizes (the largest engine in this country is about 8,000 hp). 
Moreover, internal-combustion engines require a more expensive fuel 
than external-combustion engines. 

Other fluids than mercury and water have been proposed for binary 
cycles: ammonia, methyl chloride, ethyl chloride, sodium dioxide, ethyl 
bromide, aluminum bromide, diphenyl, and diphenyl oxide. Too, ^‘top¬ 
ping’^ gas turbines are now being used to supply heat to the steam cycle. 

16-8. Other Performance Factors. The heat rate is a logical factor 
for the cycle or for the complete station of furnace and cycle: 

TT t + _ heat transferred over a period of time 
ea ra e output during the same period of time ^ 

The cycle heat rate is defined as the heat received by the cycle per unit 
output of the cycle. The station heat rate is the ratio of the heating 
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value of the fuel (the limiting amount of heat that can be transferred 
from the furnace) to the work output of the cycle. Both of these ratios 
usually include the efficiency of the electrical equipment. 

A heat rate for the turbine cannot be logically justified because the 
turbine represents only one process in a cycle of processes. But it is 
quite usual to define a turbine heat rate which is based upon definitions 
and interpretations proposed by the ASME. Recourse must be made 
to this source for detailed methods when an official performance test 
on a steam turbine is to be made. The salient points, however, of the 
Codet are as follows: 

Complete Expansion Turbine, The turbine is charged with the 
enthalpy hi of the steam supplied and credited with the enthalpy hf 2 
of the saturated liquid corresponding to the exhaust pressure. Then by 
the logic of Eq. (15-2), 


Here 


Turbine heat rate = — 

^ Aw^turbine (Btu/lb^) ^ kwhr 
3413 (Btu/kwhr) lb« 


Reheating-cycle Turbine, The turbine is charged with the enthalpy hi 
of the steam supplied plus the increase in enthalpy from reheating, 
and credited with the enthalpy hf 2 of the saturated liquid corresponding 
to the exhaust pressure: 

Turbine heat rate = ~ (j^) 

Regenerative-cycle Turbine, The turbine is charged with the enthalpy 
hi of the steam supplied plus the enthalpy increase from pumps located 
between condenser and final heater and credited with the enthalpy /ig 
of the water leaving the final heater: 

Turbine heat rate = / B^\ 

m /1 At/; \kwhr/ 

and w/i = mass-flow rate to throttle of turbine 

Allowances are also made for make-up water, ^team used for sealing 
glands, and subcooling of the condensate in the condenser. 

The steam rate is applied only to straight-expansion turbines, and 
it is the mass flow into the turbine per specified unit of output, pounds 


t ‘Tower Test Codes; Steam Turbines,” American Society of Mechanical Engineers, 
New York, 1941. 
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of steam per kilowatthour (or horsepower-hour) output, 


Steam rate = 


3413 (Bt u /kwhr) _ / Ibm steam N 
Ait^turbin. (Btu/lbm) ” \ kwhr / 
2545 (Btu/hp-hr) __ /\hm steam\ 
Ati^turbin. (Btu/lbJ \ hp-hr / 


In terms of the steam rate, the turbine heat rate equals 


(15-6a) 

(15-66) 


Turbine heat rate 



Btu 

kwhr 

(15-7a) 


And since the work ratio of the steam cycle is close to unity. 


Turbine heat rate 


3413 


cycle heat rate 


(15-76) 


16-9. The Heat Reservoir and the Cycle. It has been implied, in 
previous articles, that transfer of heat to the cycle was reversibly accom¬ 
plished. This implication was adopted because the cycle was the center 
of attention and the presence of irreversibilities between cycle and 
heat reservoir would only confuse and not aid in the selection of the most 
efficient cycle. Now, however, let attention be directed to the heat 
reservoir. 

The Rankine cycle is able to abstract a greater amount of heat from the 
practical heat reservoir than the Carnot cycle is able to obtain. When 
the Rankine cycle is regenerated by using extraction heaters, the thermal 
efficiency of the cycle increases, but the efficiency of the furnace may 
decrease because the flue gases leave at higher temperatures than before. 
The remedy is to find means for maintaining a constant efficiency of the 
furncu^ey no matter what changes are made in the cycUy for then the cycle of 
highest effilciency will also result in the highest over-all station efficiency. 
The practical remedy is to install air preheaters near the exit of the 
furnace to cool the gases by transferring energy to the air suppUed for 
fuel combustion. In this manner, the efficiency of the furnace is held 
constant, while the temi>erature of combustion is raised and the transfer 
of heat is facilitated. 


The type of firing limits the amount of air prehe&t. With stoker operation, the air 
temperature is limited to 300 or 400°F; with higher temperatures, stoker maintenance 
problems arise. Pulverized fuel, oil, or gas allows higher air temperatures of 500 to 
600°F. For a simple cycle such as the Rankine, air heaters are unnecessary, of course, 
because the flue-gas temperature can be held to a low and desirable value by an 
economizer. An economizer is a heat exchanger, placed near the exit of the furnace, 
wherein the cold feedwater is heated by cooling the hot furnace gases. 
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PROBLEMS 

The following items may also be specified by the teacher in the solution of the 
problems: 


а. Thermal efficiency 

б . Heat added 

c. Heat rejected 

d. Turbine work 

e. Pump work 
/. Work ratio 

g. Error arising by neglecting pump 
work 

h. Ts diagram to illustrate heat trans¬ 
fers 

t. pv diagram 


j. hs diagram 

k. Heat rate for cycle (kwhr) 

/. Heat rate for cycle (hp-hr) 

m. Station heat rate (kwhr) 

(Assume 10,000 Btu/lbn. coal and 
furnace efficiency of 85 per cent) 

n. Steam rate (kwhr) 

o. Steam rate (hi>hr) 

p. Mollier chart not permitted for 
solution 

q. Neglect pump work 


Unless other information is given in the problem, the teniperature (To) and pres¬ 
sure (po) of the atmosphere can be assumed to be 60°F and 14.7 psia. 

1. Determine the thermal efficiency, the work of each process, and the work ratio 
for a Carnot cycle that uses steam as the working fluid in a series of flow processes. 
The condition of the steam at the start of the isothermal addition of heat is 600 psia 
and 90 per cent moisture; at the end of the heating process the state of the steam is 
600 psia and 5 per cent moisture. The heat-rejection process is at a pressure of 1 in. 
Hg. Repeat the problem, assuming that each process is non flow with the fluid being 
confined in a cylinder by a piston. 

2. Assume that upon test of the cycle of Prob. 1 the compression and expansion 
efficiences are each found to be 75 per cent and both processes are adiabatic. Com¬ 
pute the thermal efficiency and the work ratio. 

3. A Rankine cycle operates with saturated steam at 400 psia, and the pressure in 
the condenser is 1 in, Hg. Determine the thermal efficiency, work of each flow 
process, heat rejected, and the work ratio. Repeat the problem, assuming that the 
processes are all non flow. 

4. Assume that, upon test of the cycle of Prob. 3, the compression and expansion 
efficiencies are each found to be 75 per cent and both processes are adiabatic. Com¬ 
pute the thermal efficiency and the work ratio. 

6 . A Rankine cycle operates with superheated steam at 400 psia and 700°F, and 
the pressure in the condenser is 1 in. Hg. Determine the thermal efficiency, heat 
rejected, and the work ratio. 

6 . Upon test of the cycle of Prob. 5, the compression and expansion efficiencies are 
found to be 75 per cent, and both processes are adiabatic. Compute the thermal 
efficiency and the work ratio. 

7. Repeat Prob. 5, using the method of analysis demonstrated in Art. 15-3. 

8 . The nozzles in the turbine of Prob. 5 pass 20,(XX) Ibtn/hr of steam. Compute 
the horsepower of the turbine and the quantity of cooling water demanded by the 
condenser if the temperature rise of the coolant is 10°F. 

9. Upon test of the cycle in Prob. 5, the turbine steam rate is found to be 9.5 
lb,„Awhr. Determine, for the actual cycle, the thermal efficiency and the expansion 
efficiency if the compression efficiency is 60 per cent. (The work processes are 
adiabatic.) 
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10. The Rankine cycle of Prob. 5 is converted into a reheat cycle. The steam is 
reheated at constant pressure from an initial state of 1 per cent moisture to 700®F. 
Determine the thermal efficiency and the heat rejected for the cycle. 

11. Repeat Prob. 10 but for the data of Prob. 6 and reheat pressure of 54 psia. 

12. Steam at 1,200 psia and 800°F enters a high-pressure turbine and adiabatically 
expands with expansion efficiency of 85 per cent to a state of 5 per cent moisture. 
The steam is then reheated to 600°F but with pressure drop of 10 psia before it enters 
the low-pressure turbine where the expansion efficiency is 82 per cent for the adiabatic 
expansion. Determine the thermal efficiency of the cycle if the compression efficiency 
of the adiabatic water pump is 60 per cent and the condenser vacuum is 28.93 in. Hg. 

18. The cycle of Prob. 6 is governed by throttling, and at part load the steam enters 
the turbine nozzles at a pressure of 300 psia. Compute the thermal efficiency, and 
draw the Ts diagram for this cycle. 

14. Repeat Prob. 9, assuming that the steam rate includes a generator efficiency 
of 85 per cent. 

16. A regenerative cycle operates between limits of 1,200 psia, lOOO^'F, and 1 in. Hg. 
Compute the thermal efficiency if one heater is used, of the type shown in Fig. 15-9a, 
at the optimum extraction pressure. Engine efficiency of turbine and compression 
efficiency of pumps are each 100 per cent. 

16. For the data of Prob. 15 vary the extraction pressure between limits of 1 in. Hg 
and 1,200 psia, and construct a curve showing the relationship between thermal 
efficiency and extraction pressure. 

17. Repeat Prob. 15 for two heaters. 

18. Repeat Prob. 15 for three heaters. 

19. Repeat Prob. 15, assuming that the expansion efficiency is 85 per cent up to 
the extraction point and 82 per cent for the entire expansion. (Pump efficiency is 
unchanged.) 

20. Repeat Prob, 15, assuming that the expansion efficiency of the regenerative 
turbine is 82 per cent. 

21. Repeat Prob. 15, but also assume the steam is reheated to the initial tem¬ 
perature at the extraction pressure. (Extracted steam is not to be reheated.) 

22. A reheat-regenerative cycle has two extraction heaters similar to Fig. 15-96. 
For the real system terminal differences and throttling exist. Draw a Ts diagram 
showing throttling and temperature drop from superheater to high-pressure turbine, 
irreversible expansion in high-pressure turbine, pressure drop in reheater, pressure and 
temperature drop from reheater to low-pressure turbine, and irreversible expansion 
in low-pressure turbine. All pumps are irreversible. Label reasons (causes) on the 
diagram for all irreversibilities. 

23. Top the regenerative cycle of Example 5 with a reversible mercury cycle that 
operates between limits of 180 psia (saturated) and 2 psia. Compute the thermal 
efficiency for the binary cycle and for each cycle considered alone. 

24. Top the cycle of Prob. 6 with a mercury cycle that operates between limits of 
180 psia (saturated) and 1 psia. The compression and expansion efficiencies are 
75 per cent in both cycles, and all work processes are adiabatic. Compute the thermal 
efficiencies for the binary cycle and for each cycle considered alone. 

26. Calculate the effectiveness and loss of available energy for the heater of 
Example 5. 

26. For the data of Prob. 12, calculate the loss of available energy for each process 
(reasonable assumptions are allowed). 

27. Compute the loss of available energy for the adiabatic process of Prob. 13. 

28. Compute the loss of available energy and the effectiveness for each process in 
Examples 2 and 4. 



CHAPTER 16 


CX)MBUSTION 

Human history becomes more and more a 
race between education and catastrophe. 

H, G. Wells 


The chemistry of the combustion process is an engineering problem 
of practical and, also, theoretical significance. The practicing engineer 
must be able to calculate an energy balance for the commercial power 
system, and he should be aware of the limitations to the process of com¬ 
bustion that theory is able to predict. 

16-1. Complete-reaction Equations. Consider the reaction taking 
place when carbon unites withioxygen to form carbon dioxide, 

C “h O 2 —^ CO 2 (o) 

This equation implies that 1 molecule of carbon unites with 1 molecule 
of oxygen to form 1 molecule of carbon dioxide, 

1 molecule C + 1 molecule O 2 —^ 1 molecule CO 2 (h) 

The relative masses of these molecules are shown by the molecular 
weights, 

C 12 O 2 32 CO 2 44 

and, therefore, 

12 units mass C + 32 units mass O 2 = 44 units mass CO 2 

12 Ib^ C + 32 lb,„ O 2 = 44 Ib^ CO 2 (c) 

In this manner, the chemical-reaction equation is converted into a mass 
equation. Each mass shown in Eq. (c) is, by definition, a mole (Art. 1-2), 
and therefore Eq. (a) is equivalent to 

1 mole C + 1 mole O 2 —^ 1 mole CO 2 (d) 

All perfect gases, under fixed conditions of temperature and pressure, 
have identical mole volumes, and this condition is approximated by real 
gases at low pressures. Thus, Eq. (d) can be written 

1 volume gaseous C + 1 volume O 2 —► 1 volume ^ 62 ^^ ^ (e) 
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Comparison of Eqs. (a), ( 6 ), (d), and (e) shows that Eq. (a) can be 
interpreted to be a molecular, a molar, or, with some approximation, a 
volumetric equation. This basic form of the chemical equation can 
always be converted into a mass equation by multiplying each term by 
the appropriate molecular weight [Eq. (c)]. 

By the same line of reasoning, the equation for the reaction of hydrogen 
and oxygen can be written in any of the following forms: 

H2 + K02^H20 

1 mole H 2 + mole O 2 —► 1 mole H 2 O 

1 volume H 2 + M volume O 2 1 volume H 20 ]p.r 
2.016 Ib^ H 2 + 16 lb« O 2 = 18.016 Ib^ H 2 O 

18.016 Ibm mixture = 18.016 Ibm products 
13 ^ mole mixture 5 ^ 1 mole products 

These equations show that the mass of mixture must equal the mass of 
products, although the number of moles (and volumes) of mixture and 
products are not necessarily equal. 

In most instances, the combustion process is with atmospheric air. 
By Table 14-1, 

= 28.967 « 29 

The molecular weight of the apparent nitrogen is found by including the 
inert gases in Table 14-1 with the nitrogen, 

■^•ppwent “ 28.161 
nitrogen 

Thus, the value 28.161 will be assigned to the apparent nitrogen (rather 
than the value 28.016 for pure nitrogen). For every mole of oxygen 
supplied by the air, 

79.01 o moles apparent nitrogen 

= 3.764-^ 

20.99 mole oxygen 

Or, on a mass basis, 

22.25 _ o 010 apparent nitrogen 
6.717 "" lb,, oxygen 

For example, the reaction of carbon and pure oxygen is 

C + 02~^C02 

and when the oxygen is supplied by dry air, 3.76 moles of nitrogen and 
other inert gases accompany each mole of oxygen. 


C + O, + 3.76Na CO 2 + 3.76N, 
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Upon multiplying each term by the appropriate molecular weight, the 
mass equation is determined, 

12 Ihm C + 32 Ib^ O 2 + 106 lb« N 2 = 44 Ib^ CO 2 + 106 Ib^ N 2 

The steps in balancing the chemical equation can be illustrated by the 
complete combustion of octane (CgHis) with the theoretical amount of 
dry air, 

C8H18+ O2+ N2-> CO2+ H2O+ N2 

(unbalanced equation) 

First, a carbon balance is made (C^ixtur. = Cproducu), 

C8 8CO2 

then a hydrogen balance (H^ixture = Hp^oduct.), 

Hi8 9 H 2 O 

followed by an oxygen balance (Oproducu = 0„,ixture), 

123^02 ^ 8CO2 + 9H2O 

and, finally, a nitrogen balance (N 2 = 3 . 76 O 2 ), 

12K(3.76)N2-^ 47 N 2 

The complete-combustion equation is 

C8H18 + 123^02 + 47 N 2 -^ 8CO2 + 9H2O 4 - 47N2 

The relative amount of air and fuel taking part in the reaction is called the 
air-fuel ratio and the inverse, the fuel-air ratioj 

. ^ ^ mass air ^ (123^^ + 47) (29) ^ Ibm air 
mass fuel 8(12) + 18 ‘ Ibm fuel 

^ . mass fuel 1 ^ Ib^ fuel 

mass air 15.1 Ibm air 

The foregoing values (and the related chemical equation) are said to 
be chemically or theoretically correct, or to be values for the complete- 
combustion equation. The criterion is that neither of the reactants could 
be increased in amount without a surplus of some form of reactant appear¬ 
ing also as a product. The usual combustion problem has either insuffi¬ 
cient air or insufficient fuel, relative to the theoretical amount; hence, 
the chemically correct equation and the chemically correct air-fuel ratio 
serve to show the amount of the deficiency (Art. 16-3). 

16-2. Combustible Elements in Fuel. The combustible elements in 
solid fuels, such as coal, consist of carbon, hydrogen, and oxygen, with 
other elements appearing in small amounts. A representative ultimate 
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analysis of a dry bituminous coal, exclusive of ash and moisture, might 
appear as C, 88; H, 6; O, 4; N, 1; and S, 1. Liquid fuels are mixtures of 
complex hydrocarbons, although* for combustion calculations gasoline or 
fuel oil can be assumed to averagef the molecular formula CgHi?. The 
same procedure cannot be used for coals because analyses of different 
coals vary widely. 

Bzample 1. What would be an equivalent formula for a hydrocarbon fuel that 
analyzes 85 per cent C and 15 per cent H? 

Solution. The formula will be of the form CoH*, and by the analysis and molecular 
weights 

12a “85 or a « 7.08 

15 « 15 or 6 * 15 

The result is 

C 7 . 08 H 1 * Ans. 

If desired, this answer can be multiplied by 1.13 to obtain whole numbers, 

CgHiT Ans. 

Example 2. Determine the complete-combustion equation for the representative 
coal analysis listed in this article. 

Solution. The formula for the coal can be represented by 

CalLScOdN. 

The ultimate analysis (mass) is: 


c 

H 

0 

N 

S 

88% 

6% 

4% 

1% 

1% 


The formula is equivalent to 

and a “mole'^ of this coal will have a mass of 100 Ib^. The reaction equation (unbal¬ 
anced) for this artificial mole unit is 

CraiaHeO 0 . 16 N 0 . 071 S 0.0812 “I" O 2 4" (3.7602)N2—♦ CO 2 -|- H 2 O 4“ SO 2 4" (in air 

and fuel)N 2 

As before, a carbon balance, 

7.333C 7 . 333 CO 2 

A hydrogen balance, 

6H 3H,0 

A sulfur balance, 

0.0312S 0.0312SO, 

t This value is probably more exact for mid-continent gasolines than a value 
obtained from a single ultimate analysis. 
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An oxygen balance, 

^ +0, 7.333 + I + 0.0312 

or O 2 * 8.74 (oxygen supplied by air) 

Finally, a nitrogen balance, 

Ns - (fuel) + 3.76(8.74) (air) 

— 0.035 -f 32.85 = 32.88(nitrogen in products) 

The complete-combustion equation for 1 ‘*mole^* (100 Ibm) of dry and ash-free coal is 

(C7 333 HbSo.o 812 , ctc.) + 8.7402 ^ 32.85N2 7.333CO2 + 3 H 2 O 

-f O.O 312 SO 2 -h 32.88N* 

Note that the oxygen, hydrogen, and sulfur in the fuel could have been neglected for 
simplicity without significantly affecting the accuracy of the solution. Note, too, 
that ash, water, etc., could have been included in the “formula” for the coal to 
obtain a more general solution for the real conditions in the plant. 

16-3. Products of Combustion. The products of combustion for the 
real process cannot be assumed in the manner of Art. 16-1 since the 
extent of reaction is unknown (Art. 16-6) and partial products, such as 
CO, H 2 , and O 2 (not to mention C, H, OH, etc.), may be present in sig¬ 
nificant amounts (especially true at high temperatures). For example,! 

CaHft -f- CO 2 "f“ 3.76 cN2 —^ 77 ZCO 2 “h wCO -H XH 2 O 2 /H 2 4" 2^02 

+ 3.76cN2 

The reaction equation has five variables (m, w, x, 2/, z) once the fuel and 
air quantities (a, 6, c) are specified. Only two of these variables are 
unknowns, however, since the constants o, 6, c allow three variables to 
be expressed in terms of the other two. The remaining two variables 
can be found, at a specified temperature, by the relationships decreed 
by the equilibrium constants for the CO 2 and H 2 O reactions (Art. 16-7). 

If the objective is to find the air-fuel ratio, the products of combustion 
can be cooled and chemically analyzed. One form of laboratory equip¬ 
ment for analyzing gas mixtures is the Or sat apparatus, which measures 
the percentages of CO 2 , O 2 , and CO by volume (the usual products from 
burning fuels such as coal). In the case of hydrocarbon fuels, when pre¬ 
cise measurements are not available, the amounts of H 2 and CH4 can be 
approximated by the empirical relationships (for rich or slightly lean 
mixtures): 

H 2 = 3^CO% CH 4 = 0.3% (constant) (16-1) 

t And methane is usually present in the products at low temperatures and rich 
(in fuel) mixtures. 
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The Orsat analysis is a volumetric analysis and appears on a dry basis, 
although the original gas sample is saturated with water. That the 
Orsat will ignore the water vapor and report the analysis for a hypo¬ 
thetical dry mixture is shown in Example 3. 

Example 8. A mixture of carbon dioxide and nitrogen at constant temperature 
and atmospheric pressure is contained over water in an Orsat. Show that the Orsat 
will measure the dry percentage of carbon dioxide. 

Solviion. Let 


ni » moles of water vapor in original mixture 
m moles of water vapor after absorption of carbon dioxide 
nc “ moles of carbon dioxide 
riN * moles of nitrogen 


The partial pressure of the saturated water vapor is constant since temperature is 
constant throughout the test [Eqs. (11-226)], 


PHjO 


moles of water vai>or 
moles of mixture 


(14.7 psia) 


constant 


(o) 


Inspection of Eq. (a) shows that, as the moles of mixture decrease from absorption 
of a component, the moles of water vapor must also decrease if the partial pressure 
is to remain constant. Thus, whenever a gas is absorbed in one of the pipettes, a 
proportional amount of water vapor is also condensed. The original mixture contains 

ni + nc + nn moles 


After removal of the CO*, the mixture contains 


Then 


PHjO 


n* + nN moles 


ni 

ni -f- nc + nN 


(14.7) 


n* 

n* “h nN 


(14.7) 


Equation (6) can be reduced to 


!LL s ^ 4- nN 
n* nN 


and 


ni — n* nc 
n* nN 


(W 


(c) 


The Orsat will absorb both the CO* and ni — n* moles of water vapor in the first 
pipette. The percentage absorption will equal 


Orsat % CO* 


np-h (ni — n*) 
ni -h nc -h nN 


Substituting from Eqs. (c) for ni and ni — n* and reducing. 


Orsat % CO* —-j- Ana. 

nc + nN 

But this percentage is the dry percentage of CO* in the original mixture. Thus, the 
Orsat measures the percentsl^fiF^SS"HP^e dry mixture and not the actual per cent 
in the real mixture. 
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Several methods are available for calculating the air-fuel ratio of the 
mixture from a gas analysis of the products of combustion: 

a. Carbon balance 

b. Hydrogen balance 

c. Carbon-hydrogen balance 

1 . With known fuel 

2, With unknown fuel 

d. Oxidized-products method 

Methods a, 6 , cl, and d require that the chemical composition of the fuel 
be known; method c 2 does not require this knowledge. Methods h and c 
are impractical for fuels with little hydrogen (coal). 

Since the Orsat analysis is volumetric, the percentage of each con¬ 
stituent can be considered to be the moles of that constituent in the 
products. The methods are best illustrated by examples. 

o. Carbon Balance. This is probably the least involved method, and 
it is quite accurate for mixtures with excess air. Here the percentage of 
CO 2 is relatively high, and therefore slight errors in the analysis may not 
be critical. The method assumes that free (solid) carbon is not formed 
and that the nitrogen in the products (and therefore in the mixture) is 
the gas remaining in the Orsat at the conclusion of the analysis (found 
by difference). The oxygen in the mixture is then found from the known 
composition of air (O 2 == N 2 / 3 . 76 ). 


Example 4. The dry components of the exhaust gas from a spark-ignition engine 
using mid-continent gasoline as fuel were reported to be: 


C02 

O2 

CO 

H2 i 

CH4 

Total 

N2 - 100 - 21.9 

8 7% 

0.3% 

8.9% 

3.7% 

0.3% 

21 . 9 % 

78.1% 


Determine the air-fuel ratio, and compare with the measured air-fuel value of 11:1. 

Solution. The composition of the fuel, with good precision, can be assumed to be 
C«H 17. The unbalanced reaction equation is 

7R 1 

J?CaH,7 -f 78.1N.-. 

8 . 7 CO 2 -h 8.9CO -h' 0 . 3 CH 4 + O. 3 O 2 -h 3 . 7 H 2 H- 78.1Nt + (condensed) HiO 

A carbon balance is made by summing the combined carbon, 

8 Z « 8.7 + 8.9 + 0.3 - 17.9 Z - 2.238 
Thus, the mixture is 

2.238C8Hi7 + 2 O. 8 O 2 + 78 .IN 2 
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The computed air-fuel ratio is 11.3, and the measured value is 11. The error is 
(0.3/11) (100), or 2.7 per cent. 

6. Hydrogen Balance, In a few instances, a hydrogen-balance method 
may be desirable, for example, in the case of a compression-ignition engine 
under heavy load with free carbon appearing in the exhaust gas. Since 
the amounts of gases that contain hydrogen are small, extreme care must 
be exercised in the gas analysis. 

Example 6. Repeat Example 4, but use the hydrogen-balance method. 

SoluLion. The unbalanced reaction equation would appear (Example 4) as 

ZC«Hi 7 H- 2O.8O2 + 78.1N2-^ 8.7CO, + 8.9CO +.O.3CH4 -f O.3O2 + 3.7H, 

4- 78.IN2 -f X(condensed)H20 + (solid)C 

Oxygen Balance. The amount of condensed H2O is computed by balancing the 
oxygen on both sides of the equation, 

20.8 - 8.7 + ^ + 0.3 + or X = 14.7 


Hydrogen Balance. The hydrogen is balanced on both sides of the equation, 
172 - 0.3(4) + 3.7(2) 4- 14.7(2) or 2 = 2.235 
Thus, the mixture is 

2.235C8Hi7 4- 20.80, 4- 78.1N, 

And the air-fuel ratio is 


p mass of air _ 98.9(29) 
mass of fuel 2.235(113) “ 


Ans. 


c. Carbon-Hydrogen Balance. When the composition of the fuel is 
unknown and cannot be closely estimated, the carbon- and hydrogen- 
balance methods can be combined to find the solution. 


Example 6. For the same data as in Examples 4 and 5, compute the air-fuel ratios 
by a carbon-hydrogen balance. 

Solution. The unbalanced reaction equation is written for the unknown fuel, 

4- 20.80, 4- 78.1N2-^ 

8.700, 4- 8.9CO 4- O.3CH4 4- 0.30, 4- 3.7H, + X(condensed)H,0 4- 78.1N, 

Carbon balance: x = 17.9 

Oxygen balance: X -■ 14.7 

Hydrogen balance: y — 38 

Accordingly, the mixture is 


with 

The air-fuel ratio is 


Ci7.9H„ 4- 20.80, 4- 78.1N, 
H _ 38 

C * 17.9(12) 


- 0.177 


.p . 98.9(29) 

17.9(12) 4- 38(1) 


11.3 


Ans. 
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When the accuracy of the Orsat analysis is questionable and the analy¬ 
sis of the fuel is known, a carbon-hydrogen balance, but without a nitro¬ 
gen balance, may prove to be the best solution. The method is illustrated 
in Example 7. 

Example 7. For the same data as in Examples 4 to 6, compute the air-fuel ratio 
by a carbon-hydrogen balance for the fuel CaHn. 

Solviion. The unbalanced reaction equation is written for the known fuel, 

^CgHir -f- oOj -h 6Ni— ♦ 

8.7CO2 + 8 . 9 CO + O.3CH4 + O.3O2 -f 3.7H2 + X(condensed)H 20 + 6N2 


Carbon Balance, Z = 2.238 (Example 4). 

Hydrogen Balance, The amount of condensed H 2 O is computed by balancing the 
hydrogen on both sides of the equation, 

2.238(17) « 0.3(4) -f 3.7(2) -f- X(2) or X - 14.7 


(which agrees with Example 6). 

Oxygen Balance, The oxygen in the mixture is evaluated from the known products, 

Q Q 14 7 

a - 8.7 + ^ + 0.3 -f ^ * 20.8 

(which agrees with Examples 4 and 6). 

Nitrogen, The nitrogen in the air is found from the N 2 /O 2 relationship, 

6 - 3.764a * 3.764(20.8) - 78.1 

Accordingly, the mixture is 

2 . 238 C 8 H ,7 + 2O.8O2 -h 78.IN2 


(which agrees with Example 4), and the ratio is 


98.9(29) 

2.238(113) 


11.3 


Ans. 


In this instance, the answer agrees with those in Examples 4 to 6. In other, more 
usual cases, a difference will be found because the values from the Orsat analysis were 
in error (because of either faulty technique or faulty sampling of the gases). The 
method illustrated in this example is usually assumed to be a better solution than 
those in Examples 6 and 6. Of course, with a faulty Orsat analysis, no method can 
be precise, and the best solution is derived more from judgment than from method. 


d. Oxidized Products, It is desirable in analyzing gases to have a high 
percentage of each constituent in order that slight errors in volumetric 
measurements will be insignificant. It is also desirable to have com¬ 
ponents, hke CO 2 , that are susceptible to easy analysis. The products 
may contain slight amounts of hydrogen, methane, and other hydro¬ 
carbon gases that are especially difficult to recognize or to evaluate accu¬ 
rately. For these reasons, the oxidized-products method is especially 
valuable. In practice, the oxidizer is made of 1-in. stainless-steel tubing 
and filled with cupric oxide wire of 0.020 in. diameter. The tube is placed 
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in a furnace and held at about 1200°F. The gases pass through the tub6, 
and the products CO, H 2 , CH4, etc., are oxidized to CO 2 and H 2 O, while 
O 2 in the products is removed by absorption. The gas leaving the 
oxidizer is passed into a conventional Orsat for measurement of the CO 2 . 

Example 8. Determine the air-fuel ratio for the data of Examples 4 to 7, assuming 
that the exhaust gas were to be completely oxidized. 

Solrdion. The exhaust gas entering the oxidizer consists of (Example 6) 

8 . 7 CO, + O.3O2 + 8 . 9 CO 4 - 3 . 7 Ht -f O.3CH4 + 78 . 1 N 2 -}- XH2O 

In the oxidizer, the following reactions would occur: 

8.9CO -f 8.90 8 . 9 CO 2 

3 . 7 H 2 -h 3.70 — 3 . 7 H 2 O 
O. 3 CH 4 + 1.20-^ O. 3 CO 2 + O. 6 H 2 O 


The gas leaving the oxidizer would be a mixture of 

(8.7 + 8.9 -h 0.3)CO* + (3.7 -f 0.6 -h X)H20 + 78.1N2 


This gas when tested in the Orsat would indicate 


% CO 2 


17.9(100) 
17.9 + 78.1 


18.6% 


Therefore, Nt - 100 ~ 18.6 - 81.4, and 

aC,H„ + O, + 81.4N.-* 18.6CO, + 81.4N, 


By a carbon balance, 
and the air-fuel ratio is 


a - 2.326 


AF « ^Q3<29) 

2.325(113) 


11.35 


Ans. 


This answer agrees with those found in Examples 4 to 7. (The excellent agreement 
of all methods shows that the original analysis was precise.) 

16-4. Heat of Combustion, f The heat liberated by a chemical 
reaction is called the heat of combusHont when oxygen is one of the react¬ 
ants. The heat of combustion at constant volume is measured by a 
bomb or constant-volume calorimeter. The procedure is to place a meas¬ 
ured mass of fuel into the calorimeter and then to charge the bomb with, 
relatively, a great amount of oxygen to a pressure of 20 or 30 atm (to 
ensure essentially complete conversion of the fuel into products). The 
bomb is then placed into a water bath so that, after ignition (spark), the 
final temperature of the bomb and bath will be essentially equal to the 

t This article summarizes and extends Arts. 4-3/, 8-3, and 8-4. 

t The heat of combustion is usually considered to be a positive number. 
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initial temperature (a fraction of a degree higher; Chap. 4, Prob. 16). 
For this process at constant volume, by Eq. (4-4d), 

AQf = Af7 = Coproducts C/mixturejy, (16-2a) 

Although initial and final temperatures are closely equal, the internal 
energy of the mixture does not equal the internal energy of the products 
because chemical internal energy was liberated in the process. 

The heat of combustion of gaseous fuels can be measured by a flow, or 
constant-pressure, calorimeter (which is simply a water-cooled furnace). 
Air and fuel flow into the calorimeter and are burned, with the products 
being cooled to the initial temperature of the mixture. For this steady- 
flow process, Eq. (8-8) shows that 


AQp —- A// — /Cproducts -CCmlxtursjy p (16-26) 

wherein AQp is called the heat of combustion at constant pressure. 

The heat of combustion at constant pressure differs from that at con¬ 
stant volume if a volume change accompanies the reaction. By sub¬ 
tracting Eq. (16-2a) from (16-26) (note comments in Art. 4-3/ on the 
approximations), 

AQp — LQv = AH — AC/J^ = ApPj^ = An R^T (16-3) 

If the volume of the products is greater than that of the mixture, work 
will be done by the system during the constant-pressure process and 
therefore AQp will be less than AQf (ignoring the algebraic sign). 

After the heat of reaction has been measured at one temperature, it 
can be calculated for any other temperature. Consider Eq. (lG-2a), 


AQv.T’j (Cproducts 

and at a temperature T 2 , 

^Qv.Tt ~ (C^producU H^mixtUTe)7’2 

By subtracting one equation from the other, 

(16-4a) 

(16-46) 


]Ti "ITj 

Ti ”” ^ ^mixture 

Equation (16-26) can be similarly treated. 


]Tt 

Tt ~ J 


-ir, 
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Equation (16-4a) is illustrated in Fig. 16-1. Note that the change in 
internal energy from reactants to products at constant temperature is 
the heating value, by definition, and is measured by ab at Ti and a'6' at 
r®. If the heat capacities of reactants and products are the same in 
value, then the heating value will not change with temperature. 

Whenever a fuel contains hydrogen, one of the products of combustion 
will be water, which will exist as a liquid, a gas, or a two-phase mixture. 
If the water formed by combustion of the hydrogen in the fuel can be 
condensed, a greater amount of heat can be obtained from the calorimeter 



Fig. 16-1. Pictorial representation of the relationships between the energies of the 
unburned mixture and the burned products. 

test than if the water existed in the vapor state. Because of this fact, two 
heating values can be recognized: the higher heating value {gross) is 
obtained when water formed by combustion is entirely condensed in 
the calorimeter test; the lower heating value {net) of the fuel is obtained 
when water formed by combustion exists entirely in the vapor state. 
The difference between these two heating values is equal to the latent 
energy of vaporization of the water at the test temperature. 

In the constant-volume calorimeter, a few drops of water can be placed in the bomb 
to saturate the oxygen atmosphere before the test is begun. In this manner, a higher 
heating value of the fuel is obtained because (practically) all the water formed by com¬ 
bustion must condense and the latent internal energy of vaporization of the water is 
transferred to the coolant. 

In the constant-pressure calorimeter, no water vapor can condense if the gases 
leaving the calorimeter are at a sufficiently high temperature. The constant-pressure 
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calorimeter will give directly the lower heating value if the exit temperature is above 
the condensation (dew-point) temperature of the combustion products and the incom¬ 
ing air and fuel are warmed to that temperature. However, most calorimeters are 
operated to give the higher heating value by cooling the products down to the initial 
conditions. Correcting for any additional (or less) moisture remaining in the products 
over that supplied in the fuel and air, by adding (or subtracting) the latent heat of 
vaporization not delivered to the calorimeter from these sources, gives the higher heat¬ 
ing value at the given test temperature. 

The heat of combustion of a fuel at constant pressure is, in many 
instances, a measure of the energy transferred in a thermodynamic sys¬ 
tem. For this reason, the calculated thermal efficiency of the system will 
depend on the value that is assigned to the heat of combustion. The 
higher heating value represents the true amount of heat that can be 
transferred from the reaction, and therefore it is the value that should be 
used in calculating efficiencies. However, the heat that theoretically 
can be attained by condensing the water formed by combustion is, prac¬ 
tically, not attainable. For this reason, thermal-efficiency calculations 
are sometimes based upon the lower heating value of the fuel. In com¬ 
paring the thermal efficiencies of different systems, it is well to ensure that 
the same basis of comparison has been made, for, otherwise, misleading 
conclusions may be drawn. 

Example 9. Calculate the higher heating value of gaseous octane at constant 
volume and 77°F if the corresponding value at constant pressure is known. 

Solution. The reaction equation for the higher heating value is 

CfiHidg) + 12^02-^ 8 CO 2 -f 9 H 20 (/) AH'* « -2,369,859 Btu 
(value for AH° is from Table B- 11 ). By Eq. (16-3), 

AQvh = AQph — An RoT 

The value of An for the reaction is —5.5 (or 8 — 13.5) since the volume of liquid is 
negligible. Hence, 

AQvk - -2,369,859 + 5.5(1.986)(536.7) « -2,369,859 + 5,863 

- -2,363,996 Btu Ans. 

Example 10 . Calculate the lower heating value of gaseous octane at constant 
volume and 77°F. 

Solution. From the data in Example 9, 

C 8 H, 8 (fif) + 12^0*SCO* + 9 H 20 (/) At/?,^ - -2,363,996 Btu (o) 

At 77®F, hfg is 1050.4 Btu/lb«, (Steam Tables), or 

I. 0.4593(144)(694.9) >1 /lu 

u/o * hu - pv/o « 1050.4 -Btu/lb«. 

Hence, for 9(18) Ibm water, 

162 Ib^ H,0(/) -♦ 162 lb«* H,0(p) AC/tt-f - -f-160,607 Btu (6) 
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Equations (a) and ( 6 ) could be added together if each constituent were in the same 
standard state (Art. 8-3). This requirement is not fulfilled because the data of ( 6 ) 
are for a pressure of 0.4593 psia, while the HiOQ) in (a) is at 1 atm pressure. This 
discrepancy is not serious because the internal energy is influenced more by tempera¬ 
ture than by pressure. Hence, (a) and (b) are added, and approximately (but within 
experimental accuracy), 

AQvi * —2,203,389 Btu Ans. 

Example 11 . Compute the lower heat of combustion of gaseous octane at constant 
volume and 1000®R. 

Solution. The reaction equation is 

CgH.g + 12 HO 2 8 CO 2 4- 9 H 2 O 

From Table B-10, 

Af7product* * 8 (t/ 1000 “ C/587“)cOt 4" 9(f7i000“ ” C/637 “)h,0 

- 8(3852 - 115) 4- 9(3009 - 101) = 56,068 Btu 
Ar/mizture * l(C/l 000 “ “ f7#87®)c,Hx8 4" 12^^(f7i000“ — f/&87“)o, 

- 24,773 - 640 4- 12>^(2539 - 83) * 54,833 Btu 

With these values and a0v. 637“ (Example 10) substituted into Eq. (16-4a), 

AQv.iooo“ - -2,203,389 + 56,068 - 54,833 
** —2,202,154 Btu Ans. 

16-6. Theoretical Flame Temperattire. Consider a constant-volume 
and adiabatic combustion of a fuel-air mixture, 

AQ - ATF = MI 

Then, AQ = 0 ATT = 0 At/ = 0 

Therefore, t/producta.T’* t/niixtur®,7'i 

The heat of reaction at constant volume is defined as 

^Qv,Ti t/producta.Ti ““ t/ mixture,?’ i (16-2a) 

and, upon substituting (a) in Eq, (16-2a), 

^Qv.Ti t/producU.Ti ” t/producU,?*! (16-5fl) 

while, for adiabatic combustion at constant pressure, 

^Qp,T\ •^product*,Ti product*,r* (16-56) 

Equations (16-5) show that the combustion process can be visualized 
as burning the mixture completely into products at the initial temperature 
Ti and with the heat of reaction so obtained, the products can be raised 
to the final temperature Tt. This visualization is permissible since inter¬ 
nal energy (or enthalpy) is a property. Thus, irrespective of the actual 
series of states in the real combustion process, a hypothetical series of 
states can be assumed between the two end states. In Fig. 16-1, the 
real adiabatic process at constant volume must follow path ac (constant 
internal energy; the hypothetical path is abc). 
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Equations (16-5) can be converted to different forms by Eqs. (16-4): 

^Qv,Tt ~ t^mUiure.ri ^^mixture.r, (16-6a) 

^Qp,Tt ■^mixture,7*1 •^mixture,Tj (16-66) 

Equations (16-6) imply that the mixture is raised in temperature from 
Ti to T 2 and then converted into products. The heat of reaction avail¬ 
able to perform this task is that evaluated at the temperature T 2 . Since 
this value cannot be computed until after the unknown temperature T 2 
has been determined, Eqs. (16-6) are not so convenient as Eqs. (16-5). 

Example 12. Compute the theoretical flame temperature for complete combustion 
of gaseous octane with the theoretical amount of air at constant volume from an 
initial temperature of 537°R. 

Solution. The reaction equation is 

C8Hi8(fif) + 12^0* + 47 N 2 - SCO, + 9H,0(p) + 47N, 

Af/ 77 "F *—2,203,389 Btu (Example 10) 

The lower heating value is selected because then all the products are gases. From 
Table B-10, 

t/product-.r, = 8(115) + 9(101) + 47(81) = 5636 Btu 
And, by Eq. (16-5a), 


U products I Tj 


C/producto.T, — ^Qv.Ti 

5636 + 2,203,389 « 2,209,025 Btu 


Assuming that T, * 5300°R, with Table B-10, 

C/products.r, - 8(55,265) -f 9(43,187) + 47(29,648) = 2,224,259 Btu 
Assuming that T% * 5200°R, 

t^producu.rj 2,171,267 

Upon interpolating, 

T 2 = 527rR Ans. 

16-6. Equilibriiun Flame Temperature. The theoretical flame temper¬ 
atures of Art. 16-5 cannot be attained because reaction is never complete. 
For example, the constant-volume combustion process in Fig. 16-1 cannot 
reach the temperature T 2 but has, as a limit, the chemical equilibrium 
temperature Tt. 

A new problem arises when equilibrium flame temperatures are to be 
computed. Consider the complete conversion of CO into CO 2 , 

CO + 3^02 + 1.89N2-^ CO 2 + 1.89N2 

Here the moles of products are fixed, and the temperature of combustion 
is the single unknown; thus, an energy equation is the only requirement 
for solution (Example 12), 

— AQv.r, = UcoX^Ti — f^Ti) + RN,(t/7’, — Utx) 
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But the equilibrium conversion equation is 

CO + + 1.89N, fCO, + (1 - *)CO + Oi + 1.89N, 

and two unknowns are present: the extent of reaction c and the tempera¬ 
ture of combustion. To solve a problem with two unknowns, two equa¬ 
tions of restraint are required: an energy equation as before and an equi¬ 
librium conversion equation to relate temperature and €. The solution 
of the two simultaneous equations then yields the required information. 

16-7. The van’t Hoff Equilibrium Box. The concept of the equilibrium 
constant can be illustrated by studying a reversible chemical reaction 
in a vanT Hoff reaction chamber (Fig. 16-2). Here a mixture of con- 




Va moles 
of a 
Pax f 


Vi, moles 
of b 
Pb\ T 


F=^ 


i _ Pa^ 


Reversible 
isothermal 
turbines or 
compressors 

_✓—if ... n 




Pb \Semipermeoble 
^membranes 


Vc moles 



Vd moles 


Fig. 16-2. A van’t Hoff (modified) reaction chamber. 


stituents a, 6, c, d is in equilibrium within the reaction chamber, and each 
constituent is also in equilibrium with pure constituent through one of the 
four semipermeable membranes. In the operation of the reversible 
system, reactants a and h pass from their initial pressures p«i and pn to 
their equilibrium pressures p® and ph by means of the isothermal turbo- 
machines. Work and heat are transferred between system and sur¬ 
roundings. As reactants a and b enterf the equilibrium chamber, the 
equilibrium adjusts to form products c and d (a catalyst can be premised 
present to speed or to allow the reaction), and these products are dis¬ 
placed through their respective membranes. The products are then 
changed in pressure from the equilibrium values (pc and pd) to the 
reservoir values pd and pdi by means of the reversible isothermal turbo- 

t For the real (irreversible) process, the pressures of a and b before their eemi- 
permeable membranes must be greater than those of the equilibrium partial pressures 
in the mixture to effect the transfer. But for a reversible process no pressure differ¬ 
ence is necessary since the operation is hypothetical. 
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machines. Too, the reactants are converted into products in proportions 
dictated by the stoichiometric equation 

Vcd + Vbb = PeC + Pdd (a) 


no matter what equilibrium composition or equilibrium pressure is con¬ 
tained within the reaction chamber. [And a similar argument can be 
made for the reversible mixing process (Prob. 28).] 

The work of the System arises from the isothermal expansion or com¬ 
pression of each constituent as dictated by its equilibrium pressure and 
by its pressure at the flow boundary; no work is obtained from the 
equilibrium conversion process in the reaction chamber. The work 
from the four turbomachines equals 


ATP., = AWa + AW, + AWe + ATPd (b) 


The reversible isothermal work for compressing or expanding an ideal 
gas without change in kinetic or potential energy is [Eq. (11-8)] 

ATP„v = — n / V dp = nRoT In — 

nt \T Jpi P2 

For the entire system of Fig. 16-2 and Eq. (o), the work equals 


ATP, 


= RqT ( Pa In 


Pal 

Va 


+ H In 2“ + 
Vh 


In 


Vcl 


Pd 


In 


Pd y 
Pdij 


which reduces to 


ATP„. 

af 




T 


RoT 



Pa^'-Pb’'^ 


— In 




(c) 


Let the pressure of each flow stream at the boundary be 1 atm (a standard 
state designated by the degree superscript; Art. 8-3) so that the last term 
in Eq. (c) is zero, 


ATP! 


rev 

•f 


r-c 

pi -1 atm 


RoT In 


Pa'^Pb"'^ 


id) 


Equation (d) evaluates the work done by the steady-flow system as Pa 
and p, moles of reactants (each at 1 atm) are reversibly converted into 
Pc and Pd moles of products (each at 1 atm), with transfer of heat restricted 
to reversible exchanges with the surroundings at a constant tempera¬ 
ture T. Under these conditions, the work evaluated by Eq. (d) can have 
but one value at the temperature T, no matter what equilibrium condi¬ 
tions are in the reaction chamber. If this were not true, a perpetual- 
motion machine of the second kind could be devised from two vanT Hoff 
systems. It follows that the total pressure, the presence of inert gases, 
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and the particular composition of the equilibrium mixture are matters of 
indifference. 

It also follows that the single-valuedness of the work function between 
two states dictates an equivalent change n some property of the system. 
The reversible work of a steady-flow system for the conditions of Fig. 16-2 
(and, also, the reversible net work of a closed system in temperature and 
pressure equilibria with the surroundings) equals — AG (Art. 8-5). With 
Eq. (d) and Eq. (8-lOc), 

= RoT In = R^T In (16-7) 

Jr p.'-Pk’' 

Equation (16-7) holds for any system of ideal gases since all variables 
are properties. Since Kp is defined by Eq. (16-7) in terms of intensive 
properties, it need not be associated with any particular process—it can 
be used to find the proportions of the constituents at an equilibrium state 
of a closed or open system. 


Example IS. Calculate the degree of dissociation of 1 mole of CO 2 at 5170°R for 
total pressures of 1 and 10 atm. 

Solution. Figure B-7 shows, at 5170°R, 

CO + J^O.-.CO, = 

The equilibrium mixture is 

(1 - ()CO + - t)0-. + «CO, - moles = n 

The partial pressures of the constituents are 

( moles CO 2 \ ^ , X € 

. K ^les mixt ^j = n ^ 

1 - € 

Pco = —^ p 


and, for p 1 atm. 


Solving, by trial. 


(«/w)p 



€(3 - €)^ 
(1 - 


5.00 


c « 0.656, or 34.4 % dissociation of CO 2 


At a pressure of 10 atm. 




€(3 - €)H 

(1 - e)H(10)H 


5.00 


A ns. 


Upon solving, 


c as 0.82, or 18% dissociation of COt Ans. 
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Note that the increase in pressure tended to shift the equilibrium to a smaller volume. 
In this reaction, the volume of CO 2 formed is less than the volume of the reactants 
CO and Os; therefore, the extent of reaction was increased by the increased pressure. 
The opposite effect, of course, is encountered when the products have a greater volume 
than that of the mixture. 

What will happen when the concentration of one (or more) of the 
constituents is increased? Here the excess constituent tends to drive the 
reaction in a direction to relieve the excess (Example 14). 

Example 14. If three times the stoichiometric correct amount of oxygeii is supplied 
in burning CO, what will be the extent of reaction at 5170°R and 1 atm? 

Solution. The combining equation is 

CO -f- ^-^Os —*’ CO 2 “f“ O 2 (fl) 

The mixture at equilibrium would be 

(1 - .)CO + H(1 - «)0, + .CO, + O, - 5^' - n 
The partial pressures of the constituents are 

PCOr^"-p PC0=~P PO, 

The excess O 2 in (a) cancels from the equilibrium constant equation, 

K ^ PcoiPOi ^ Pcot ^ <(5 - g)-- _ R no 

Pco(po,)^^ Pco{por)y^ (1 

Solving by trial, 

€ * 0.78, or 78% extent of reaction Ans. 

Compare with Example 1.3. The presence of excess oxygen drives the reaction further 
toward completion. Also, the excess oxygen would lower the flame temperature and 
so decrease the tendency to dissociate the CO 2 . 


PROBLEMS 

1. Write the combustion equation with the theoretical amount of air for acetylene 
(C 2 H 2 ) and for decane (C 10 H 22 ). 

2. Repeat Prob. 1, but for methyl alcohol (CHgOH). 

8. Repeat Prob. 1, but assume that only 85 per cent of the theoretical amount 
of air is used and that the moles of hydrogen in the products are only one-half the 
moles of carbon monoxide. 

4. A fuel oil analyzes 87 per cent carbon and 13 per cent hydrogen (gravimetric). 
What would be a representative molecular formula? 

6. (o) A coal analysis (gravimetric) is (dry basis): 


c 

H 

0 

N 

S 

Ash 

Total 

71 

4 

9 

1 

3 

12 

100 


Determine the minimum mass of air necessary to obtain complete combustion. 



COMBUSTION 315 

(6) The coal, as fired, had 10 per cent moisture. Change the dry analysis in (a) 
to include the moisture. 

(c) Determine the minimum mass of air necessary to obtain complete combustion 
of the wet coal in (b). 

(d) Compute the sensible heat loss for the products of (6) if the gases leave the 
furnace at 500®F. (Note that the moisture in the coal will increase the amount of 
water vapor in the products; 77°F datum.) 

6 . Repeat Prob. 5, but for a coal that analyzes: 


c 

H 

0 

N 

H*0 

Ash 

Total 

70 

3 

2 

2 

10 

13 

100 


7. The products of combustion of the coal in Prob. 6 are analyzed by an Orsat: 


O 

p 

CO 

0 , 

N* 

Total 

14.6 

0.2 

5.5 

79.7 

100 


(а) Determine the mass of air burned per pound of coal. 

(б) Determine the mass of dry products per pound of coal. 

(c) Assume that the humidity is 0.01 Ibm of water vapor for each pound of dry air, 
and determine the amount of water vapor in the products per pound of coal. 

8 . Determine the condensation temperature of the water vapor when dodecane 
(CijHie) is burned with the theoretical amount of air at atmospheric pressure. The 
initial temperature of the air is 60°F, and relative humidity is 50 per cent. 

9. Octane (CgHig) and air are burned, and the Orsat products of combustion are: 


C 02 

CO 


CHi 

N, 

9.9 

7.2 

3.3 

0.3 

Remainder 


Compute the air-fuel ratio by a carbon balance, and compare with the answer found 
by making a hydrogen balance. 

10. The Orsat products of combustion of a hydrocarbon fuel are: 


CO, 

0 , 

CO 

H, 

CH 4 

13.0 

2.2 

0.2 

0.0 

0.1 


Determine the air-fuel ratio by means of a carbon-hydrogen balance (fuel, CoH»). 

11. The Orsat products of combustion of octane and air are: 


0 

0 

•• 

0 , 

CO 

Apparent Ns 

8.7 

0.2 

8.6 

Remainder 
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The measured air-fuel ratio is 11.3: 1 . Compute the air-fuel ratio in the best possible 
manner. 

12. A gas analyzes by volume: 


CO* 

CO 

H* 

CH 4 

C 2 H 4 

N* 

Total 

3 

19 

41 

1 

1 25 

9 

3 

100 


Determine the air-fuel ratio for complete combustion and the temperature of con¬ 
densation of the water vapor in the products (atmospheric pressure). 

18. An exhaust analysis (volumetric) of a spark-ignition engine (fuel, CgHn) 
showed the following: 


CO* 

CO 

H* 

CH4 

0* 

9.9% 

7.2% 

3 . 3 % 

0 . 3 % 

0% 


Compute the air-fuel ratio, and compare with the measured value of 11.3: 

(а) By the carbon-balance method 

(б) By the hydrogen-balance method 

(c) By the carbon-hydrogen-balance method and unknown fuel 

(d) By the carbon-hydrogen-balance method and known fuel 

(e) By the oxidized-products method 

14 . Given the higher heat value of methane at constant pressure and 77®F (Table 
B-11), compute the lower heating value and, abo, the higher and lower values at 
constant volume. 

15 . Compute the higher heat of reaction of methane at constant pressure and 
1000®R (value at 637®R is in Table B-11). 

16 . Determine the dew point for the products of combustion of methane with the 
chemically correct amount of air at atmospheric pressure. 

17 . Given the higher heating value of gaseous decane at constant pressure (Table 
B-11), compute seven other heating values for gaseous and liquid fuel. Find the 
maximum per cent difference. 

18 . Determine the theoretical flame temperature by burning methane with 1(X) per 
cent excess air at constant volume and 537°R. 

19 . Repeat Prob. 18, but at constant pressure. 

20. Determine the theoretical flame temperature when burning liquid CgHig at 
537®R with double the amount of air required for complete combustion and at con¬ 
stant pressure. 

21. Compute the theoretical flame temperature when burning CO at constant pres¬ 
sure with the chemically correct amount of air at 537°R. 

22 . Repeat Prob. 21, but for constant-volume combustion. 

28 . Compute the theoretical flame temperature when burning Hj with 300 per cent 
of the chemically correct air at constant pressure and 637°R. 

24 . Repeat Prob. 23, but for combustion at constant volume. 

25 . Calculate the degree of dissociation of 1 mole of CO 2 at 5(X)0°R under total 
pressures of 10 and 100 atm. 

26. Repeat Example 14, but for total pressures of 10 and 1(X) atm. 

27 . Calculate the degree of dissociation of CO 2 when CO is burned with the theo- 
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retical amount of air if the equilibrium temperature is 4000®R and the total pressure 
is 20 atm. 

28 . Determine the minimum work (per pound of air) that is required to separate 
atmospheric air at 77°F into nitrogen and oxygen each at 1 atm pressure and at 77®F. 
(Use the reaction box of Art. 16-7 for this separation process.) Explain why the 
usual process of mixing is an irreversible process. Show that the minimum work is 
also given directly by Eq. (8-lOc). 

29 . Calculate the ideal-gas equilibrium constant at 77°F for the reaction of carbon 
monoxide with oxygen to form carbon dioxide. 

80 . Include, now, the equilibrium constant Kp in the discussion of Eq. (a), Art. 8-6. 
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CHAPTER 17 


GAS CYCLES AND PROCESSES 

Duty is like a man’s shadow—he can flee 
from it—but it will always pursue him. 

Marcus Aurelius 


For the production of power in amounts of 50,000 and 100,000 kw, 
the large central station with a vapor (steam) cycle is the universal 
system. When the power requirements are small (less than 10,000 kw) 
or when light weight is demanded or variable-speed operation is required, 
the internal-combustion engine is the preferred source of power. How¬ 
ever, development work now in progress on gas turbines and fuel cells 
forecasts that these forms of prime movers may well prove to be active 
competitors of both steam and the internal-combustion engine. 

17-1. Gas Cycles. The changes in state of a gas during the processes 
of the Carnot cycle are illustrated in Fig. 17-1. Comparison of Figs. 15-1 




(a) 

Fig. 17-1. Carnot cycle for a gas. 

and 17-1 shows that the cycle on the Ts diagrams has the same appear¬ 
ance for either a gas or a wet vapor (but not on the pv diagrams). The 
difference is that the isothermal processes for the gas are not also at con¬ 
stant pressure as they are for the wet vapor; hence, the gas cycle cannot be 
simplified by using flow processes. Recall that the Carnot cycle with a 
wet vapor and with flow processes is a practical cycle for power generation 
(although other cycles are more desirable; Art. 15-3). But the Carnot 
cycle with a gas and with either flow or nonflow processes is quite imprac- 
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tical since the heat-addition and -rejection processes also require work 
transfers. If such processes were to be attempted, the cycle would be 
restricted to extremely slow operation. 

The practical method for simulating processes that involve both heat 
and work is to burn a fuel internally within an engine and so dispense 
with the necessity for heat-transfer siuiaces. The temperature attained 
in a nonflow combination process can be extremely high, far above the 
melting temperature of the enclosing metal, because the high temperature 
is only momentarily experienced, and succeeding processes are at rela¬ 
tively low temperatures.! 

The efficiency of the combustion engine (also, the over-all efficiency 
of a thermodynamic cycle with an accompanying combustion process) 
is defined as (loosely called the thermal efficiency) 


^eombuaiioD — a tj 

•ncin* u^rl 


(17-1) 


wherein — A/f is the change in enthalpy from reactants to products (the 
heat of combustion of the fuel) at the temperature and pressure of the 
surroundings. Note that Eq. (17-1) has nothing to do with the Second 
Law restrictions on thermal efficiency since it applies to a process, not to a 
cycle (Art. 8-5). 

As a matter of historical interest, Rudolf Diesel in 1893 tried to simulate the Carnot 
cycle by gradually injecting a fuel during the expansion stroke of a piston engine {be 
in Fig. 17-1). He reasoned that fuel introduced at this stage should spontaneously 
ignite since the air within the cylinder had been compressed to a high temperature. 
Then, as the piston descended on the working stroke and the temi>erature tended to 
fall, fuel could be continuously injected and burned at a rate such that the process 
would be isothermal. The other processes of the Carnot cycle would then follow. 
Diesel soon found that isothermal expansion and isothermal compression could not 
be accomplished t and that the extremely high pressures arising from the double 
compression (isothermal compression da followed by isentropic compression ab in 
Fig. 17-1) were undesirable. 


It should be emphasized that the attainment of the Carnot processes is 
neither necessary nor desirable when a combustion process {or a chemical 
reaction) occurs. Consider that air and fuel enter the combustion system 
while the leaving products are of different chemical composition. Thus, 
the system involves not a thermodynamic cycle but, rather, a process. 
The maximum work of a process, such as this, was analyzed in Art. 8-5 
and found to be equal to the change in the Gibbs free energy of the flow 


t A stagnant layer of gas protects the metal because a large temperature gradient 
exists between the metal and the main body of the gas; also, the metal walls are exter¬ 
nally cooled by water or air (Art. 19-6). 

t It is interesting to note that isothermal compression was to be simulated by inject¬ 
ing water. 



320 


ELEMENTS OF THERMODYNAMICS 


stream. The combustion engine would deliver this maximum amount of 
work, without regard for the Carnot processes, if the processes selected 
were all reversible. No practical means are known for conducting the 
combustion process in a manner approaching reversibility, f 

A theoretical means can be devised as suggested by Prof. J. Keenan. Consider 
that the combustion process at equilibrium contains both mixture t and products in 
definite proportions and in amounts predicted by the equilibrium constant. When 
the temperature of the equilibrium mixture is raised, the equilibrium shifts and the 
degree of completion of the reaction diminishes; therefore, a state will exist at an 
extremely high temperature where the mixture can exist in equilibrium with an infini¬ 
tesimally small proportion of products. A theoretical manner for approaching a 
reversible combustion process is now apparent. The mixture can be isentropically 
compressed to the high temperatme where essentially no reaction occurs. (It is 
assumed that the speed of the compression process is extremely swift, and therefore 
reaction does not begin during the compression, or else a negative catalyst is present.) 
Then, the mixture can be slowly and isentropically expanded; as the temperature 
falls, reaction reversibly occurs; and at each temp)erature level of the expansion a 
greater and greater amount of products will be formed. In this sequence of processes 
(at constant § entropy) chemical reaction can be conceived to be reversibly executed 
although, of course, not at constant temperature. 

Although the processes of a reversible internal-combustion engine 
bear no resemblance to the processes of the Carnot cycle, the same 
conclusions are evident for either system: For the highest efficiency^ the 
combustion engine and the thermodynamic cycle must opercUe between the 
highest and lowest temperature that can be attained. In a cycle, heat should 
be added at the highest possible temperature; in an internal-combustion 
engine, combustion should begin at the highest possible temperature, 
for then the irreversibility of the chemical reaction is reduced. More¬ 
over, in both the cycle and the combustion engine, expansion should 
proceed to the lowest possible temperature in order to obtain the maxi¬ 
mum amount of work. Because of these similarities, the combustion 
engine can be analyzed as if it were a cycle by assuming that the com¬ 
bustion process is equivalent to a transfer of heat and that no change in 
composition is undergone by the working substance. Such an analysis, 
of course, will not be exact, but it does indicate design considerations 
that improve the efficiency of the real engine. (Recall that the pre¬ 
dictions of Art. 8-5 gave no indications as to how the efficiency of a 
chemical-reaction process could be improved.) 

t But in a galvanic cell a chemical reaction can approach reversible operation 
(Art. 6-8). 

t The fuel must be a simple substance, such as gaseous carbon, and not a complex 
compound. Also, the mixture must be reversibly obtained (see, for example. Fig. 
16 - 2 ). 

§ The entropy is constant because both processes are reversible and adiabatic. 
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If the same reasoning were applied to the Carnot cycle of Fig. 17-1, 
the same equation and the same conclusions would be obtained. But 
the thermal efficiency of a Carnot cycle is independent of the working 
substance and depends only upon the temperature of source and sink 
(Art. 7-1). The answer to this apparent contradiction is that changing k 
or r, automatically changes the temperature limits [Eq. (ll-12c)]. 




Fig. 17-3. Bray ton (Joule) cycle for a gas. 


The gas-turbine process for analysis can be considered to be a cycle 
as represented by Fig. 17-3—the Brayton or Joule cycle: 

ah Isentropic compression 
he Constant-pressure addition of heat 
cd Isentropic expansion 
da Constant-pressure rejection of heat 


The thermal efficiency of this cycle is also given by Eq. (17-2o). Since, 
however, the Brayton cycle operates between definite pressure limits, 
it is preferable to convert Eq. (17-2a) by Eq. (ll-12c) into the equivalent 
form 


= I - 


r ik-i)ik 

Ip 


(17-26) 


It is sometimes helpful to compare two cycles by superimposing both 
cycles on the Ts diagram. In Fig. 17-4, the Otto cycle ahed is compared 
with a cycle abc'd\ which has a constant-pressure addition of heat (the 
Diesel cycle). The conditions of similarity shown by Fig. 17-4 are that 
both cycles (1) start from the same initial state a, (2) have the same com¬ 
pression ratio, and (3) have the same heat input. To fulfill the premise of 
equal compression ratios, the compression process ah must be the same 
for both cycles; to fulfill the premise of equal heat supplied, the Ts areas 
fhee and /6c'e' must be equal. Since constant-volume processes are 
steeper on the Ts diagram than constant-pressure processes, construction 
of equal areas for the heat supplied shows state c' to have a greater 
entropy than that of state c. It then follows that the Diesel cycle must 
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reject more heat than the Otto cycle (area /ad'e' is greater than area 
fade). Hence, since 

= 1 - 1^1 = 1 - 

AQa constant 

the efficiency of the Diesel cycle is less 
than that of the Otto cycle for the 
given restrictions. 

The thermal efficiency of some cycles ^ 
can be raised by regeneration. Con¬ 
sider the Stirling cycle of Fig. 17-5. 

Here heat is added to the gas in the 
constant-volume process be and also 
in the isothermal process cd. Heat is ? e e' 

rejected in the constant-volume pro- ^ 

cess da and in the isothermal process j:*”- Comparison of Otto and 

ab. Note that the temperature of ratio and with the same heat input, 
initial heat rejection is Td and the 

temperature of initial heat addition is Tb. Since Tb is less than Tdy 
it should be possible to find means for transferring a part of the 
rejected heat to the heat-addition process. When such means are found 
(a heat exchanger), less heat need be supplied by the surroundings, 
although the work of the cycle is unchanged, and therefore the thermal 
efficiency will be increased. If the Stirling cycle could be perfectly 
regenerated, no heat would be necessary for process be since the energy 



V s 


Fio. 17-6. Stirling cycle for a gas. 

would be supplied by the cooling process da. With all processes revers¬ 
ible, heat would need to be added only at Ta (constant) and rejected at 
Tr (constant); therefore, the thermal efficiency would equal that of the 
Carnot cycle. 

Recently, interest in the Stirling cycle has been revived by the development of a 
high-speed engine by the Philips Research Laboratory (Eindhoven). The cycle uses 
hydrogen at high pressures (140 kg/cm* max) and develops 40 bhp at 2,600 rpm. 
Minimum fuel (oil) consumption is 0.36 Ibm/bhp-hr at 1,600 rpm (about 38 per cent 
thermal efficiency); weight, 11 Ibm/bhp; 120 hp/liter displacement. 
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17-2. The Otto Engine (1862-1876). In 1862^ Beau de Rochas 
proposed for the internal-combustion engine a sequence of operations 
that is, even today, typical of most spark-ignition engines: 

1. An intake stroke to draw a combustible mixture into the cylinder 
of the engine (Fig. 17-6o) (a variable-mass process) 

2. A compression stroke to raise the temperature of the mixture (Fig. 
17-66) (a constant-mass process) 

3. Ignition and combustion of the mixture at the end of the com¬ 
pression stroke with the consequent liberation of energy raising the 
temperature and pressure of the gases, with the piston then descending 
downward on the expansion or power stroke (Fig. 17-6c) 

4. An exhaust stroke to sweep the cylinder free of the burned gases 
(Fig. 17-6d) (a variable-mass process) 



(a) 


( 6 ) 


(c) 





Fig. 17-6. The sequence of operations for the spark-ignition (SI) engine, (a) Intake 
stroke; (fe)compression stroke; (r) expansion stroke; {d) exhaust stroke. 


In 187'6, Otto, a German engineer, using the principles of Beau de 
Rochas, built an engine that became highly successful, and the name 
of the cycle of events gradually became known as the Otto cycle. 

The pressures experienced in the spark-ignition (abbreviated SI) engine at full load 
(at wide-open throttle) are shown by the indtccUor diagram of Fig. 17-7a. During the 
intake stroke the pressure in the cylinder is closely atmospheric, being less only because 
of fluid friction. On the following stroke, the mixture of gasoline vapor and air is 
compressed to the highest temperature that can be attained without spontaneous 
ignition of the mixture. [Compression ratios (Art. 11-7) of 6 to 10 are usual.] A spark 
then ignites the mixture, which rapidly bums while the piston comes to rest at the top 
dead-center position of the crank mechanism. During this period of little movement 
of the piston, combustion of the mixture takes place at essentially constant volume 
(as proposed by de Rochas).f The increase in temperature from burning the fuel 

t De Rochas also suggested that the spark plug would be unnecessary because the 
fuel-air mixture would spontaneously ignite at the end of the compression stroke. 
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causes the pressure to increase, and thus high pressures are available to drive the 
piston downward on the power stroke. Although, if the greatest amount of work is 
to be obtained, expansion should proceed to atmospheric pressure, such a complete 
expansion would require a higher expansion ratio than compression ratio. Too, the 
size of the engine would be large. For these reasons, the exhaust valve is opened 
before the end of the expansion stroke to allow the pressure to drop to atmospheric 
before the exhaust stroke is begun. The exhaust stroke then purges the remaining 
gas from the cylinder with the exception of the small amount contained within the 
clearance space (combustion chamber). 

In the SI engine, a spark can ignite only a combustible mixture. A fairly definite 
relationship of fuel and air (approximately 12 to 16 parts of air to 1 part of fuel by 
mass) must therefore be present in all parts of the chamber at all loads if a flame is to 




ia) id) 

Fig. 17-7. Indicator or pressure-volume (pV) diagrams for the spark-ignition (81) 
engine. 

travel through the mixture. The turning effort applied to the crankshaft depends on 
the mass of mixture burned in the cylinder, and this effort is controlled by restricting 
the amount of mixture (but not primarily the air-fuel ratio) entering the cylinder on 
the intake stroke. This load control is accomplished by using a valve, called the 
throttle, to obstruct the passageway that leads to the cylinder. On the intake stroke, 
if the throttle is not open, the pressure in the cylinder is reduced below atmospheric, 
and a reduced mass of mixture will enter the cylinder with correspondingly lower 
compression pressures and combustion pressures (Fig. 17-76). Note that the work 
obtained from the partially loaded engine is reduced, not only because less fuel (and 
air) is inducted than at full load, but also because the negative work of the engine 
cycle is increased. The negative work area of Fig. 17-76 is a result of the wasteful 
throttling process that is used as the method of governing. 

Although combustion of the fuel should take place at the highest possible tempera¬ 
ture, the Otto cycle is restricted to relatively low compression ratios. The reason for 
this can be understood by studying Fig. 17-8. After passage of the ignition spark, a 
flame sweeps out from the spark plug and transforms the mixture into products of 
combustion. The energy released will be proportional to the mass of charge burned, 
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and this release can be accomplished in an orderly manner by properly controlling the 
speed of the flame. As the flame progresses across the chamber, the unburned mixture 
is compressed, and its temperature therefore increases. If the temperature should 
reach a certain critical stage, the unburned mixture will ignite, as at a in Fig. 17>8, 
without depending on the advancing flame. There will then result an energy release 
sufficient to produce a momentary high and localized pressure that causes an audible 
“knock” to be heard. The knock, or detonation, is caused by the almost instantaneous 
explosion of a part of the mixture. The resulting impact on the engine structure may 
cause failure; for this reason the compression ratio of the Otto engine must be kept at 
a low value (or else expensive fuels, which can resist compression ignition, are required). 
In other words, combustion of the fuel in the Otto engine must be fast but not explo¬ 
sive, because no mechanical structure can long resist impact. 



17-3. The Diesel Engine (1893). The failure of Dr. Diesers first 
engine (Art. 17-1) caused him to abandon, as ideals, the impractical 
isothermal processes in favor of adiabatic compression and expansion 
processes. His successful engine embodied the following events: 

1. An intake stroke to induct air alone into the cylinder without waste¬ 
ful throttling (a variable-mass process) 

2. A compression stroke to raise the air to a high temperature, a temper¬ 
ature higher than the ignition point of the fuel 

3. Injection of the fuel during the first part of the expansion stroke 
at a rate such that combustion maintains the pressure constant, followed 
by expansion to the initial volume of the cylinder 

4. An exhaust stroke to remove the burned gases from the cylinder 
(a variable-mass process) 

The success of the diesel engine can be attributed to the fact that only 
air is compressed in the engine; therefore, the compression ratio can be 
much higher than that of the Otto engine, which compresses a combustible 
mixture. 

Typical pressures encountered in the compression-ignition (abbreviated Cl) engine 
at full load are shown in Fig. 17-9. During the intake stroke, air alone is drawn into 
the cylinder, and the pressure is closely atmospheric. The air is then compressed to 
a pressure of 350 to 500 psia (compression ratios of 12 to 18 are in use) before the fuel is 
injected into the high-temperature air. An early method of injecting the fuel was to 
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use a blast of compressed air to carry the fuel into the engine through a small orifice 
CEklled the nozzle. This method gave good atomization and good control of the corn* 
bustion process, as can be recognized in Fig. 17-9a, which shows, closely, a constant- 
pressure combustion. However, air injection is rarely used because an air compressor 
becomes a necessary and expensive auxiliary. The modern method of injection is to 
compress and spray the fuel alone into the cylinder through the nozzle and depend 
upon a high injection pressure (2,000 psia) for atomizing the fuel. If the ipjection 
period is long and the speed of the engine is slow, indicator cards similar to Fig. 17-9a 
can be obtained. However, although Dr. Diesel insisted upon operating his engines 
with essentially constant-pressure combustion, constant-volume combustion is 
thermodynamically more desirable because the chemical energy is liberated at the very 
beginning of the expansion stroke. For this reason, the indicator cards of modern 
engines resemble Fig. 17-9b; here the first part of the fuel to be injected burns essen¬ 
tially at constant volume while the remainder burns essentially at constant pressure. 



(a) {/>) 


Fia. 17-9. Indicator or pressure-volume (pF) diagram for the compression-ignition 
(Cl) engine, (a) Air injection (or late and slow mechanical injection); (6) solid 
(mechanical) injection. 

The Cl engine is not completely free from “knock” or detonation: When the first 
particles of liquid fuel are injected into the hot compressed air, an interval of time will 
elapse while atomization, va]X)rization, distribution, and initial chemical reaction take 
place. During this delay period, more and more fuel enters the chamber. Because 
of this accumulation of fuel, when combustion does begin, the reaction tends to be 
uncontrollably fast, and therefore a high localized pressure rise is experienced. This 
violent pressure rise is an impact on the parts of the engine that can be quite destruc¬ 
tive. Since the diesel engine has a high pressure before combustion, any additional 
pressure rise from combustion only increases the design troubles; probably for this 
reason. Dr. Diesel insisted upon constant pressure as the desideratum for his engine. 

The load control of the Cl engine is a simple matter because only the quantity of 
fuel need be regulated. Thus, at full load it is desired to inject a quantity of fuel such 
that all the air in the cylinder can be burned. Practically, this limit cannot be reached 
because it is not possible for the localized fuel spray to find all the air; rich and lean 
regions abound, and the engine exhaust gas is colored in appearance and pungent 
in odor. At part load, only a fraction of the full-load fuel quantity is injected. In 
localized regions, combustion of the fuel occurs at ratios of air to fuel of about 15:1, 
although the over-all air-fuel ratio is much higher thsm this. Thus, at full output of the 
engine, most of the air is used for reaction; at part load only a fraction of the air need 
be combined with the fuel, and, because of the localized combustion, the intake-air 
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process need not be throttled at any time. Because of this free induction of air, the 
efficiency of the Cl engine is not penalized at part loads by a wasteful throttling 
process such as that used by the SI engine. (Whether or not the fuel in the Cl engine 
is throttled is unimportant because the work spent in pumping the liquid is relatively 
small when compared with that for a gas.) 

17-4. The Piston-Cylinder Mechanism. The positive and negative 
work quantities for a piston-cylinder mechanism cannot be readily sep¬ 
arated, and therefore the work ratio (Art. 15-1) is not used. If the 
mechanism is an engine, the mean effective pressure (mep) (Art. 6-7) is 
the index that relates the size to the work output. 

One objective of the engineer is to use engines that have high efficiencies [Eq. (17-1)] 
and also high mean effective pressures [Eq. (6-66)1. A high efficiency is a factor con¬ 
tributing to low cost of operation, while a high mep is a factor in small engine size and 
therefore lower initial cost. On the other hand, an engine with high efficiency may 
also demand a more costly fuel (Otto engine compared with the diesel or the gas 
turbine), and power might be more cheaply obtained from an engine with lower 
efficiency and cheaper fuel. A low mep might also be circumvented by operating the 
engine at high speed (if this is possible), since power is but the time rate of doing work. 

If the entire displacement volume of the mechanism could be filled 
with air at the density of the surroundings, the volumetric efficiency would 
be unity (or 100 per cent). The term is a misnomer, since this efficiency 
is a mass ratio: 


m = ^Volumetric” efficiency = — (17-3a) 

mu 

where m = mass of fluid inducted or delivered per stroke 

mn = mass of fluid to fill piston displacement volume under 
optimum (usually atmospheric) conditions of pressure and 
temperature 

One reason for the name volumetric efficiency is that it is usually found 
by measuring volumes: 

_ capacity (volume inducted in cfm) 1 _ C 

displacement (piston displacement in cfm)Jp,r D 

For an air compressor, the compressor displacement is the volume swept 
by the pistons in 1 min. (A double-acting piston displaces a volume 
twice that of a single-acting piston.) The volume of air delivered by a 
compressor, when measured at atmospheric temperature, pressure, and 
humidity, is called free air. 

The work done by an internal-combustion engine depends on the amount of energy 
released when a mixture of air and fuel burns. If the engine does not induct the 
largest possible amount of air, the work output of the engine will be restricted, no 
matter how much fuel is added. (Fuel is usually liquid, and the injection or addition 


(17-36) 

P,T 
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of liquid fuel into air requires little work.) Therefore^ a basic requirement for a high- 
output engine is a high volumetric efficiency. 

The volumetric efficiency of the engine can be increased by supercharging^ a super¬ 
charger being merely an air compressor that supplies air to the engine. The gain in 
work output may not be proportional to the increase in mass of air supplied, mainly 
because a considerable portion of the gain must be used to drive the supercharger 
(unless the supercharger utilizes the ^‘blowdown” energy of the exhaust; Chap. 12, 
Prob. 6). 


The brake or 
work because of 
is defined as 


shaft work of the mechanism differs from the indicated 
mechanical friction (Art. 6-7). The mechanical efficiency 


Vm — 

Vm = 


brake work 
indicated work 
indicated work 
shaft work 


(engine) 

(compressor) 


(17-4a) 

(17-46) 


Even though an engine has a low mep, a \<fw volumetric efficiency, or a low mechanic 
cal efficiency, the power obtained from the engine may be relatively high, if high cyclic 
speeds are pK>ssible, because power is the time rate of doing work. Modern internal- 
combustion engines are usually operated, not at the speed of maximum mep (for 
example), but, rather, at higher speeds where the mep is lower because of mechanical 
or fluid friction. More power can be obtained because, although the work ];>er 
mechanical cycle is decreased, the number of mechanical cycles per second is increased 
in a greater ratio. 

The speed of the mechanism is given in revolutions per minute of the 
crankshaft. The piston must be stopped and reversed in direction twice 
in each revolution of the crank, and the attendant accelerations and 
decelerations of the reciprocating mass create inertia forces. These 
forces are dependent on acceleration and mass; hence small mechanisms 
or multicylinder mechanisms with light pistons can be operated at higher 
rpm than can large mechanisms. The mean piston speed is the parameter 
usually specified: 

Mean piston speed = 2 (rpm) (stroke) (ft/min) (17-5) 


When speed or size is limited by design stresses, additional power can be obtained 
by a two~8troke system, which produces a power stroke in every revolution of the crank. 
Here the exhaust and intake strokes are eliminated by using a blower or scavenging 
pump. When the exhaust valve o];>ens near the end of the power stroke, the high- 
pressure products escape to the atmosphere; air is then blown into the cylinder by the 
blower to complete the scavenging and also to charge the cylinder. The piston then 
returns on the second stroke of the cycle, the compression stroke. 

The power of the internal-combustion engine dei>ends on the mass rate of air flow 
into the engine, and this factor in turn is controlled by the size and number of cylinders, 
the cyclic speed (rpm), and the degree of supercharge. To develop high power out¬ 
put, two methods are available: large engines operated at low rpm (this is Cl practice) 
and small engines operated at high rpm (this is 81 practice) either with or without 
supercharging. In any case the size or complexity of the engine does not lend itself 
to the production of power in imits above 10,000 kw, and smaller units are preferable. 
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17-6. Reciprocating-piston Compressors. The indicator diagram for 
a reciprocating-piston gas compressor would appear as in Fig. 17-10. 
In process 1-2, a mass of gas is compressed to the receiver pressure; in the 
displacement process 2-3, a portion of the gas is pushed into the receiver; 
in process 3-4, the residual portion in the clearance (Art. 5-8d) is expanded 
to the suction pressure; and along path 4-1, a new charge of gas enters 
the cylinder. The compression and reexpansion of a portion of the gas 




Fig. 17-10. Indicator cards for reciprocating-piston compressor. 

causes a loss in the real machine because both processes are irreversible; 
hence it is desirable to use small clearances. 


A usual value for the clearance with medium delivery pressures (100 psia) is 6 per 
cent of the piston displacement volume Vd- For higher delivery pressures, smaller 
clearances are desirable and necessary since the clearance volume controls the volu¬ 
metric efficiency; if the clearance volume is large and the receiver pressure is high, it is 
entirely possible that no gas will be delivered by the compressor. 

A conventional indicator card is one that idealizes each process. In 
Fig. 17-11 all processes are specified to be 
reversible, and therefore, the polytropic proc¬ 
esses 1-2 and 3-4 must have identical values of 
n. (If the exponents were not the same, the 
temperature of the expanded gas at 4 would 
not be equal to the temperature of the in¬ 
coming gas, and irreversible mixing would 
occur.) The reversible work can be found by 
Eq. (11-76) or, for the isothermal compressor, 
by Eq. (11-8). Since Eq. (11-76) was derived 
without picturing the mechanism for the com¬ 
pressor, clearance has no effect on the reversible 
work (and, too, the equations hold for any reversible compressor). 

A conventional volumetric efficiency can be determined from the con¬ 
ventional card, and this efficiency represents the optimum value for 



Fig. 17-11. Conventional 
(reversible) indicator dia¬ 
gram. 
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the real compressor (Prob. 30): 

17-6. Multistage Compression. The work required to compress a gas 
is controlled by three factors: (1) the compression process, (2) the 
pressure ratio, and (3) the initial temperature of the gas, although these 
factors cannot be readily varied. Any selection of the compression 
process is restricted by the mass flow rate, and therefore isothermal 
compression, while most desirable, is also most impractical. The 
pressure ratio cannot be changed because it is fixed by the process 
demands for the compressed fluid. However, the third factor, the 
ihitial temperature of the gas, can be lowered to effect a saving in work. 



Fig. 17-12. System of two compressors and intercooler (multistage or series com¬ 
pression). 


In the case of an air compressor, the inlet air is at atmospheric tem¬ 
perature, and therefore this temperature cannot be reduced by using 
lake or river water, which is the cheapest coolant, because the water 
would be at essentially the same temperature as the air. But, instead 
of using one compressor, suppose that two compressors are connected 
in series. This series combination will theoretically require the same 
amount of work as the single compressor, and, practically, it will require 
slightly more work owing to the increased friction caused by the more 
complex mechanism. However, the compressed air leaving the first 
compressor (the first stage) will be at a high temperature relative to the 
temperature of the available cooling water, and therefore effective cooling 
of the air is readily accomplished by an intercooler (Fig. 17-12). Thus, 
the air entering the second compressor (the second stage) is reduced in 
temperature, and for this reason less work will be required by the multi¬ 
stage compressor than if a single compressor had been used. 
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The work required for a real multistage compressor is readily evalu¬ 
ated by Eq. (5-7d) applied to the system of two compressors and inter¬ 
cooler (Fig. (17-12). For the reversible compressor, the ideal relation¬ 
ship, Eq. (11-76), can be applied, in turn, to each compressor: 


multiatage 





(17-7a) 


Here it is assumed that the compression exponent is the same for both 
machines and that the outlet pressure (p,) for the first compressor is 
equal to the inlet pressure for the second compressor (p, = pj = P 3 
in Fig. 17-12). The latter assumption is equivalent to stating that no 
pressure drop occurs in the intercooler. If the intercooling is ideal or 
perfect^ no pressure drop will occur and, also, the outlet temperature 
of the air T 3 will be reduced to Ti. 

Since the work of the multistage compressor is governed by the 
intermediate pressure p,, the value of p» for minimum work is of interest. 
Upon differentiating Eq. (17-7a) with respect to p* and setting the deriva¬ 
tive equal to zero (Prob. 33), 


it is found that 
and therefore 


dAiol 

dpi jT-i-r, 


= 0 


Pi = (piP4)^^ 

Pi Pi 


(17-76) 


Thus, the minimum work for ideal two-stage compression is obtained 
when the low-pressure stage has the same pressure ratio as the high- 
pressure stage. With this division of the pressure ratio, each com¬ 
pressor will require the same amount 
of work because the inlet air temper¬ 
ature is the same for either stage. 

The work saved by multistage com¬ 
pression can be illustrated on the pv 
diagram. Fig. 17-13. (Since clearance 
does not affect the reversible work. 
Fig, 17-13 can be construed to be 
for either a piston-type compressor 
V without clearance or for a rotary- 

Fig. 17-13. Savings in work from two- type Compressor.) If compression 
Stage compression with intercooler, were single-stage, the path for a poly¬ 
tropic compression process would be 
1-5 and the work would be proportional to area 1579. If com¬ 
pression were isothermal and single-stage, the work would be pro¬ 
portional to area 1679. With multistage and polytropic compression. 



■pV^C' 
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the work for the first stage is represented by area 1289, and the work 
for the second stage by area 3478. Thus, the work saved by two-stage 
polytropic compression, relative to single-stage polytropic compression, 
is proportional to the area 2345. 

17-7. The Gas Turbine. The internal-combustion engine is a com¬ 
pact power plant, but it suffers from the limitation of a low mass-flow rate. 
This limitation can be removed by substituting continuous-flow machines 
for the reciprocating-piston engine while retaining the desirable feature 
of internal combustion of a fuel with the working fluid. Unfortunately, 
the flow compression process cannot be so efficiently conducted as non¬ 
flow compression. The usualf flow compressor first induces a high 
velocity in the fluid and then transforms the kinetic energy into pressure 
energy by means of a diffuser or diverging passageway; this is a difficult 


Air, and 



Fig. 17-14. Elements of a continuous-combustion gas-turbine system. 

process to accomplish efficiently. On the other hand, a turbine can be 
used for the expansion process, and here the fluid can expand to the 
pressure of the atmosphere^and thus attain an expansion ratio that 
cannot be readily approached by a reciprocating-piston engine. One 
other disadvantage is inherent in the flow process: the maximum temper¬ 
ature in the reciprocating-piston engine can be high because the process 
is intermittent; the maximum temperature in the continuous-flow 
machine must be relatively low because this temperature is constant in 
some part of the apparatus. 

The basic elements of the continuous-combustion gas-turbine sys¬ 
tem are illustrated in Fig. 17-14. In this illustration is shown a coin- 
pressor that compresses the air and forces it into and around the com¬ 
bustion chamber. Only a portion of the air is mixed with the fuel and 
burned at constant pressure. The high temperature of combustion 
is reduced by the main body of air passing around the combustion 


t See Art. 6-8<i. 
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chamber and mixing with the burned products. This mixture, at a 
temperature of about 1200°F, enters the turbine, which drives both the 
air compressor and a generator that absorbs the net power. (The 
small electric motor is used only for starting purposes.) 

A speed governor regulates the fuel supply and thereby the turbine inlet tempera¬ 
ture. The inlet temperature is restricted by metallurgical problems; for lopg life, a 

temperature of 1000 or 1200®F is usually recom¬ 
mended. Experimental work in testing full-scale 
turbine units and in developing high-temperature 
materials seems to predict that turbine inlet tem¬ 
peratures of 1500°F or better may be achieved in the 
near future. With these high temjjeratures, the 
gas turbine can compete for the high thermal effi¬ 
ciencies now developed by the Cl engine. Even 
with lower inlet temperatures, the efficiency of the 
gas turbine may be acceptable for uses where 
simplicity and high mass-flow rates are desirable or 
Fig. 17-15. Irreversible gas- regions because a water supply is unnec- 

turbine cycle. essary. In general, fuels for the gas turbine can be 

cheaper than the fuels for internal-combustion 
engines because detonation is not a factor; experiments also indicate that powdered 
coal may prove successful. 

The real gas-turbine system can be pictured as a cycle (Fig. 17-15). 
Here, by definition of rjt [Eq. (4-6)] and of rjc and rje [Eqs. (12-5)], 

^Wt ^Wc _ {he h(i)TJg *” (/ifc ■“ /la)(l/l)c) 

Ahb'c he — hb' 

This equation can be rearranged by assuming ideal gases so that h = CpT 
and by defining x as 



rp rp^ f p.m 

It then follows that 


(17-8) 


(17-9) 


Equation (17-9), illustrated by Fig. 17-16, shows that an optimum pres¬ 
sure ratio exists for each turbine inlet temperature when compression and 
expansion efficiencies are fixed. Note that increasing the temperature 
from 800 to 1600°F more than doubles the optimum efficiency. 


The pressure ratio is primarily fixed by the restriction offered by the nozzles of the 
turbine, and this restriction is controlled by the area of the nozzles and by the density 
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0 2 4 6 8 10 12 

Pressure rotio in compression 


Fio. 17-16. Effects of compression ratio and turbine inlet temperature on the thermal 
efficiency of the nonregenerative Bray ton cycle, {tc * turbine inlet temperature; 
»?• =* »?c = 0.85; ta «* 60°F.) 


of the fluid flowing. When the fuel quantity is reduced for part load, the combustion 
temperature decreases, and the density of the gas flowing through the fixed-area 
nozzles is increased (unless nozzle blocks can be shut off). This effect momentarily 
increases the amount of gas leaving the system, and the pressure before the nozzles 
falls (lower pressure ratio). But this drop in pressure decreases density and so 
partially compensates for the drop in temperature. The net effect is that the gas 
turbine operating at part load by temi>erature control also experiences a reduction 
in pressure ratio. 


17-8. The Regenerative Gas Turbine. Inspection of Fig. 17-17 reveals 
that the temperature of the exhaust gases at state df is higher than 
the temperature of the compressed air at state 6', and, because of this 
fact, the gas turbine can be regenerated. The regeneration is accom- 




Fig. 17-17. Regenerative gas-turbine system. 
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plished by installing a heat exchanger in the flow system, as illustrated 
in Fig. 17-17. Here the compressed air is passed through a bundle 
of tubes or flat plates while the hot exhaust gas is circulated between 
the tubes or plates. In this manner the air is increased in temper¬ 
ature before reaching the combustion chamber, and thus less fuel 
need be burned to attain a specified turbine inlet temperature. The 
heat exchanger must be carefully designed; an excessive pressure drop 
of either the air or exhaust gas may nullify the anticipated gain in 
efficiency. Note that lowering the compression ratio increases the 
temperature difference available for regeneration and, at high compres¬ 
sion ratios, regeneration becomes impossible. 

The efficiency of the regenerator is defined (letters correspond to Fig. 
17-17) as 


= actDa>l temperature rise ty — U' 

maximum temperature rise td' — U' ^ 

If the regenerator had infinite surface, ty and td' would be equal. The 
size of the practical regenerator allows an rjr of 0.50 to 0.75 without 
excessive pressure drop. The thermal efficiency of the regenerative 
cycle to simulate Fig. 17-17 is given by Eq. (17-9) when the term in the 
denominator involving Ta is replaced by Tyi 


Vt = 



n - Ty 


The temperature Ty is found by Eq. (17-10): 

= Vr{Td' ” Tb') + Tb' 

and Tb' can be expressed in terms of Tb, Taj and tjcj while Td' is expressed 
in terms of Tc, and rje. 




Fig. 17-18. The gas-turbine cycle with isothermal and isentropic compression. 

17-9. Other Improvements in the Gas Turbine. The work ratio 
of the gas turbine can be raised if the isentropic compression process is 
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replaced by isothermal compression. Figure 17-18 shows that this sub¬ 
stitution increases the net work of the theoretical cycle (area ahcd 
is larger than area aVcd) and decreases the thermal efficiency (heat 
added from h to 6' is less effective than heat added from 6' to c because 
a greater percentage is rejected). The decrease in thermal efficiency 
is more than removed when the cycle is regenerated because the energy 
available in the exhaust gases (area under ad) is sufficient to raise the 
temperature from Tt to the limiting temperature Since isothermal 
compression is not a practical flow process, the real system employs 
intercooling and regeneration, as shown in Fig. 17-19. 

The work ratio of the system can also be raised by injecting water 
into or around the combustion chamber. This procedure does not 



Fig. 17-19. Gas-turbine system with intercooling and regeneration. 


affect the work of the compressor, but the steam that is formed from 
vaporizing the water increases the mass-flow rate to the turbine, lowers 
the k value, and increases the sp)ecific gas constant of the mixture enter¬ 
ing the turbine, and therefore increases! the work output. (The work 
spent in pumping the water, which is a liquid, into the high-pressure 
air is negligible.) This practice, of course, reduces the thermal efficiency 
because more fuel must be burned to raise the temperature and supply 
the latent heat of vaporization of the water. The water can also be 
injected into the air stream before compression or into the compressed air 
at a location preceding the regenerator; apparently, this last location 
is a patent claim by Lysholm. Note that water injected at any location 
that precedes the regenerator will probably result in a gain in thermal 
efficieney unless the energy available in the exhaust gases is insufficient 
to vaporize the water. 

t See Art. 11-7 and Eq. (11-11). 
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The work ratio of the system can also be increased by reheating the air, 
after partial expansion in one turbine, before the air is admitted to a 
final turbine. In this instance, the thermal efficiency of the real system 
will probably be increased by the reheat because the work of the com¬ 
pressor, which affects the thermal 
efficiency, is not changed. 

17-10. Closed and Semiclosed 
Systems. The open gas-turbine 
system is independent of a cooling 
source since it rejects hot waste 
gases to the atmosphere; this factor 
and the simplicity of the system 
have been major reasons for pro¬ 
moting development. A closed sys¬ 
tem^ on the other hand, continuously 
circulates the same fluid and re¬ 
quires heat exchangers for the heat- 
addition and -rejection processes. 
Figure 17-20 depicts such a cycle. 
Combustion of the fuel takes place 
in the air heater A and not internally within the system, while water 
is used to cool the gases in the heat exchanger B. The advantages of 
the closed system are as follows: 

1. Higher pressures can be used throughout the cycle, and therefore 
higher densities of the working fluid are obtained. This allows all 
parts of the system to be made smaller; smaller physical dimensions allow 
higher temperatures for a given stress limit. 

2. The working fluid is clean, not contaminated with products of 
combustion; deposits on the turbine or compressor blades and wear or 
erosion of the turbine and compressor are reduced. 

3. The working fluid can be a monatomic gas that has a more favorable 
heat-capacity ratio (/c) than air. 

4. Thermal efficiency at part load is high because part load can be 
secured by varying the density of the working fluid without varying the 
temperature. (Of course, a control system must be added to Fig. 17-20 
if the density of the fluid is to be changed by adding or subtracting work¬ 
ing fluid.) 

5. A cheap fuel, such as coal, can be used. 

Accompanying these advantages are the following disadvantages: 

1. The efficiency of internal combustion has been eliminated by sub¬ 
stituting a heat exchanger and an external furnace. 

2. A coolant must be available. 

3. Complexity and cost of the system have been increased. 





Fig. 17-20. Closed-system gas-turbine 
cycle. 
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17-11. Jet Engines, t In the analysis of jet engines, the methods of 
thermodynamics aid in visualizing why and how work can be obtained. 
A simple form of jet engine is the ramjet or athodyd (Fig. 17-21). Suppose 
that this device is traveling at a constant absolute speed Vi through 
still air. To an observer on the ramjet, air enters the duct with relative 
speed Vi and is decelerated in the diffuser with consequent rise in pres¬ 
sure. The change in kinetic energy for the reversible process is given by 
Eq. (6-3c), and since no work is done relative to the observer, 

A/iCE'compr.Mion = ^ Tll^ir f V dp « “ “ Pi) (u) 

in diffuser P* (*v) 

Fuel is then burned with consequent increase in temperature and specific 
volume. Let it be assumed that this process is also at constant pressure. 
Now when the hot gases are discharged through the nozzle with relative 
speed Vr 2 i kinetic energy is regained, for a reversible process of amount 

+ m,uei) V dp « -f- “ pi) {b) 

in noBiIe •' P* (»v) 

Since the specific volume (and mass flow) was increased by combustion 
of the fuel, a greater amount of kinetic energy is produced in the expansion 
process [Eq. (b)] than was supplied for the compression process [Eq. (a)], 
and the exit speed Vr 2 will be greater than the entering speed V i. Thus 
energy is available to drive the ramjet through the atmosphere (and work 
is done relative to an observer on the ground). 

The same conclusion is reached by considering the reversible speed Vrt 
developed by a nozzle (negligible velocity of approach) : 

F .2 = [2cpreo.wio»(l ~ (13-1 la) 

and the inverse process in the diffuser: 

Fi = [2CpT_p...io„(l - 
Hence, for this idealized case, 

A portion of the energy produced by expansion must necessarily be 
wasted, since residual kinetic energy remains in the leaving gas. Thus 
the exhaust gas has an absolute speed of Vrt — Vi and the kinetic energy 
in the leaving loss is 

Leaving loss = ^ {Vrt — Fi)* (17-12) 


f rp \ 

X combustion i 

T,r,^k-xvki 


(17-11) 



t See, also, Art. 13-19. 
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The condition for zero leaving loss is that the speed of the ramjet Vi 
should equal the relative exhaust speed Fr 2 , a condition which would 
correspond to zero fuel (heat) addition [Eq. (17-11)]. Hence if the 
ramjet is to operate, a leaving loss is a necessary accompaniment. 

The work done by the ramjet will be calculated for an idealized case 
of steady flow (mass of fuel neglected). To an observer on the diffuser 
(Ag, Aw zero), 

Aq — Aw = Ahix + AKEix (5-7d) 

and, if the speed F* leaving the diffuser is negligible, 


Ahd, 


= hx 



(c) 


The energy added in the combustion chamber (considered as heat) is 


Aq — Ahxy — hy (d) 

For the nozzle (with Vy^ like F*, ignored). 


A/lnoi»l« ^2 hy 2 ^ (^) 

An energy balance can be made on the surroundings: 

Work = I heat added | — | leaving loss] — | sensible energy in exhaust | 

= iK - hs) - {Vr2 - V,r - (h, - hO 

And this reduces, with Eqs. (c) and (e), to 

Work = —‘ {Vri - Fi) (17-13) 

To check Eq. (17-13), note that the net thrust can be directly found from 
the momentum equation 


= — (Frt - Fi) (13-22o) 

9e 


and the power from 
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The locations of the forces (and their reactions) that produce the change in momen¬ 
tum may not always be obvious. Consider the flying ramjet in Fig. 17-21. Here the 
air entering the duct is slowed down in the diffuser, with consequent increase in pres¬ 
sure; fuel is sprayed into the air stream and burned, with consequent increase in 
velocity and decrease in pressure; the hot gases then increase in velocity in the nozzle 
as the pressure decreases. The forces exerted by the fluid on the walls of the ramjet 
are therefore (1) forces on the walls of the diffuser in the direction of motion, (2) 
friction forces on all the walls opposite to the direction of motion, and (3) forces on 
the walls of the nozzle opposite to the direction of motion. That the ramjet flies at 
all must arise from the forces on the walls of the diffuser being greater than the total 
of the other forces. Hence a “flying stovepipe” (a ramjet of constant internal diame¬ 
ter) cannot “fly” since there are no walls that the pressure of the fluid can act upon* 


Pq 


Fig. 17-21. Wall forces on a ramjet. 

The ramjet can be converted into a slightly different form of jet engine 
by installing a gas turbine and compressor (such as that in Fig. 17-14). 
With this arrangement, air entering the engine is slowed down and com¬ 
pressed in the diffuser and then compressed to a higher pressure in the 
compressor. The fluid leaving the combustion chamber passes through 
the gas turbine on its way to the exit nozzle, and the work obtained 
from the turbine is used only to drive the air compressor. This combina¬ 
tion of ramjet and gas turbine is called a turbojet engine. 

The leaving loss from the ramjet or turbojet engine can be reduced 
(and even eliminated) by installing an exhaust-gas turbine. The output 
from the turbine can be used to drive a propeller. The usual arrange¬ 
ment is to employ the turbojet combination of units with a larger turbine. 
Then the power in excess of that required to drive the compressor 
drives the propeller. This variation of the turbojet is called a turbo- 
•prop engine. Propulsion is obtained from the propeller and also from 
the reaction thrust of the leaving exhaust gas. In other words, a leaving 
loss is usually present, although the magnitude can be considerably 
reduced from that of a turbojet engine. 

Examination of the turbojet and turboprop engines reveals that the 
same sequence of processes as in the ramjet should ideally be followed. 
These are (1) isentropic compression, (2) constant-pressure combustion, 
and (3) isentropic expansion. A hypothetical cycle employing these 
processes is the Brayton cycle (Fig. 17-3). This cycle represents the 
ideal or limiting performance for the jet engine, with maximum possible 
value for the thermal efficiency. To attain the Brayton-cycle eflSiciency, 
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the kinetic energy in the exhaust gases must be fully utilized. The jet 
engine usually wastes a good portion of the available energy by dis¬ 
charging the exhaust gases at a high speed relative to the forward speed. 

It should be carefully noted, however, that jet engines operate at much lower pres¬ 
sure ratios than reciprocating-piston engines and that the thermal efficiencies therefore 
tend to be inherently lower even if the leaving loss is negligible. Also, the limiting 
combustion temperature may demand a low pressure ratio for maximum efficiency 
(Fig. 17-16). This latter argument can be partly circumvented in jet design by 
employing high combustion temperatures that allow good performance (but short life). 
With an increase in pressure ratio to attain higher thermal efficiencies, the optimum 
velocity of the exhaust gas necessarily increases [Eq. (17-11)]. Thus jet engines must 
operate at high- speeds if the efficiency is to even approach that of the reciprocating- 
piston engine. On the other hand, an advantage is gained by the high speed, since the 
reciprocating-piston engine employs a propeller and the propelling (propulsive) 
efficiency of the propeller may rapidly decrease as the flight speed exceeds about 
300 mph. For this reason, when high speeds are demanded, the over-all efficiency 
of the jet engine can exceed that of the reciprocating-piston-engine-propeller com¬ 
bination because of the poor performance of the latter unit. The simple construction 
and light weight of the jet engine make it particularly desirable for high-speed aircraft 
operation. 


PROBLEMS 

1. (a) Show all steps in the derivation of Eq. (17-2a). (b) Convert Eq. (17-2a) 

to Eq. (17-26). 

2 . A Carnot cycle operates at temperatures of between 80 and 780°F with air as the 
gas. The pressure at the start of isothermal compression is 14.7 psia, and heat addi¬ 
tion is 195 Btu/lbtn. Find the thermal efficiency, the imep, and the isothermal and 
isentropic compression ratios. 

3 . An Otto cycle with air has a compression ratio of 8, with the start of compression 
at 14.7 psia and 80°F. Heat addition is 195 Btu/lb^. (a) Find the thermal efficiency 
and imep. (6) Compare the results with those of Prob. 2, 

4 . An engine operates on an air cycle. Air at 30 psia and 520°R is isentropically 
compressed to 450 psia. Heat is added at constant pressure until the temperature is 
2000°R, and then an isentropic expansion proceeds to 30 psia. Heat is rejected at 
constant pressure, and the initial state is regained. Find for 1 Ibm of air (a) the tem¬ 
perature at the end of compression, (6) the heat added at constant pressure, (c) the 
temperature at the end of expansion, (d) the heat rejected at constant pressure, (e) 
the volume at each point of the cycle, (/) the entropy change for each process; and 
plot (p) Ts and pv diagrams and (h) the cycle efficiency. 

6 . One pound mass of air in a Carnot cycle has a volume of 0.1 ft* and a pressure of 
3,000 psia at the start of the isothermal expansion stroke. If the thermal efficiency 
is 40 per cent and the isothermal expansion ratio is 10, find heat added and rejected, 
work done, mep, and the pressure at the end of each process. 

6. A Carnot cycle with air as the fluid has a thermal efficiency of 50 per cent and an 
isothermal expansion of 2. If 64 Btu of heat is supplied to the cycle, which has a 
volume of 5 ft* and a pressure of 100 psia at the start of isothermal expansion, find the 
work, mep, and pressure at the end of each process. 

7. An Otto cycle using air with constant-volume addition of heat operates at a com¬ 
pression ratio of 6. Heat is supplied of amount 1280 Btu/Ibm air. At the start of the 
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cycle the temperature is 540^R and the pressure is 14.7 psia. Find the temperatures 
and pressures at key points of the cycle and the mep. 

8. Find the thermal efl&ciency and mep for the cycle of Prob. 7. 

9. For an Otto cycle with compression ratio of 4 but otherwise with the same data 
as Prob. 7, find the amount of heat rejected. 

10. Plot thermal efficiency for the air-standard Otto cycle against compression ratio 
for values of the ratio from 1 to 10. 

11. Compute the thermal efficiency of an Otto cycle that has a combustion-chamber 
volume that is 20 per cent of the piston displacement. 

12. For the data of Prob. 7, determine the horsepower if the cycle contains 0.1 Ibm 
of air and the speed is 2,000 cycles per min. 

18. Consider the data of Prob. 7 to be that of a diesel cycle with constant-pressure 
addition of heat. Find the pressures and temperatures at key points of the cycle, the 
mep, and the thermal efficiency. (Qa 500 Btu/lbm.) 

14. The compression ratio for a Diesel cycle is 14, the initial pressure is 14.7 p>sia, 
and the temperature is 60°F. The temperature at the end of the combustion process 
is 3000®F. Determine the thermal efficiency of the cycle if air is the fluid. 

16. The initial temperature in a diesel cycle is 14 psia, and the temperature is 80®F. 
The temporature before combustion is 700®F, and after combustion it is 3000®F. 
Determine the thermal efficiency of the air-standard cycle. ‘ 

16. Compare the Otto and diesel cycles on the Ts and pv diagrams for conditions 
of same maximum pressure and temperature. Determine w4iich cycle is the more 
efficient. 

17. Repeat Prob. 16 but for equal outputs from each cycle (compression ratios will 
differ). 

18. A continuous-combustion turbine system op)erates with pressure ratio of 3. 
What will be the ideal thermal efficiency? 

19. Rep)eat Prob.; 18, assuming that the compression ratio is 3. 

20. The turbine of Prob. 18 has compressor and turbine efficiencies of 85 per cent 
while the inlet temperature is 1200®F. Calculate the thermal efficiency and work 
ratio (atmospheric conditions, 14.7 psia and 60°F). 

21. Repeat Prob. 20, assuming that a regenerator is added with efficiency of 75 per 
cent. 

22. Repeat Prob. 21, assuming that the regenerator introduces a pressure drop of 
2 psia between compressor and turbine (pressure ratio of turbine is now less than 3). 

28. What will be the thermal efficiency and work ratio of a gas-turbine system if the 
inlet air is 100°F and 14.7 psia, the outlet from the compressor is 50 psia and 400°F, 
and the combustion temperature is 1200®F, falling to 840°F at exhaust? 

24. Determine the compression and expansion efficiencies for the data of Prob. 23. 

26. A reversible turbine with pressure ratio of 4 has an inlet temperature of 1200®F. 
Atmospheric conditions are 60®F and 14.7 psia. Determine the thermal efficiency 
and work ratio for (a) isentrppic compression, (6) isothermal compression, (c) two-stage 
isentropic compression with perfect intercooling. 

26. Repeat Prob. 25, assuming that a perfect regenerator is used in each instance. 
Compare results with those for Prob. 25. 

27. A gas-turbine system has pressure ratio of 4 and compressor and engine effi¬ 
ciencies of 83 per cent, while the maximum temperature is 1300°F. Atmospheric 
conditions are 60®F and 14.7 psia. Determine the thermal efficiency and work ratio. 

28. Calculate the effectiveness and loss of available energy for the regenerator of 
Prob. 22. 

29. Calculate the effectiveness and loss of available energy for the cycle of Prob. 23. 
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80. Derive Eq. (17-6). 

81. Calculate the mass of air in the cylinder during the compression and reexpansion 
processes of a reversible compressor if n * 1.30, p* » 126 psia, p\ ■■ 14.7 psia, 
h * 60®F, c 0.04 (based on 1 Ibm delivered). 

82. For the data of Prob,. 31, calculate the heat transferred on each stroke. 

88 . Derive Eq. (17-76). 

84. Air is reversibly compressed from pi ** 14 psia and i\ « 80®F to ps » 60 psia 
and h ® 295°F. If the conventional volumetric efficiency is 94 per cent, find the 
clearance. 

86. A double-acting 7- by 7-in. air compressor, with clearance of 0.06, compresses 
air from p » 14.7 psia and t « 70®F to p * 100 psia. Determine the (conventional) 
compressor capacity (300 rpm; n = 1.36). 

86. For the data of Prob. 35, determine the heat transferred to the cooling water 
during a compression and, also, during an expansion stroke (for air on one side of the 
piston only). 

87. What will be the area of the indicator card for the data of Prob. 35 if the spring 
scale is 100 psia/in. and the reducing motion is 2:1? Draw a conventional pF card, 
and show true volumes. 

88. A two-stage double-acting compressor takes in air at p » 14.6 psia, t\ * 70°F 
and delivers it to a receiver at 300 psia. If the intercooling is perfect, determine the 
conventional horsepower, the capacity of the compressor, the heat transferred in the 
intercooler, the displacement and dimensions of both cylinders (150 rpm, 12- by 12-in. 
low-pressure cylinder witji 12-in. stroke of high-pressure cylinder; c » 0.03; n * 1.3 
for both cylinders). 

89. Find the isothermal compression efficiency for the data of Prob. 38. 

40. Repeat the analysis leading up to Eq. (17-13) but for a turbojet engine. 
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CHAPTER 18 


REFRIGERATION 

He is the happiest, be he king or 
peasant, who finds peace in his home. 

Goethe 


Refrigeration is the production and maintenance in a given space 
of a temperature lower than that of the surroundings; it is a necessary 
part of many industrial processes, as well as a very desirable kind of 
modern convenience. 

18-1. Definitions. Not long ago, natural ice was the principal means 
of refrigeration, and therefore the refrigeration capacity was related 
to the latent heat of fusion of ice. A ton of refrigeration is, closely, the 
cooling effect or heat exchange equivalent to that obtained by melting 
1 ton of ice at 32°F. Or precisely,! by arbitrary definition, 

1 standard ton refrigeration = (2,000 lb,„)(144 Btu/lb,„) = 288,000 Btu 

More often the ton of refrigeration is considered to be a rate: 

1 standard commercial ton refrigeration = 288,000 Btu/24 hr 

= 12,000 Btu/hr = 200 Btu/min (18-1) 

To obtain the cooling effect called refrigeration^ work (or available 
energy) must be expended. The coefficient of performance CP is defined as 
the ratio of the refrigeration to the work supplied:! 

pp . refnier^nl . (,8.2) 

work added Jcycie —-S Air ^Jcycie 

The refrigeration AQa is the heat added to the working substance in the 
cycle, and S AW a is the work or available energy used to drive the appa¬ 
ratus. The value of CP can be greater or less than unity. 

Another gauge of the performance of the refrigerating machine is the 
horsepower per ton of refrigeration: 

u u 200 4.71 

hp/ton cp(42 4) “ cp (18-3) 

t The latent heat of fusion of ice at 32°F is 143.35 Btu/lb«. 
t By the convention used in this text, work supplied to a system is a negative 
number; thus the CP defined by Eq. (18-2) is a positive number. 
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18-2. The Camot Refrigerationf Cycle. The Carnot heat pump (Art. 
7-1) with its working substance, oV refrigerant, confined to saturated and 
two-phase states is illustrated in F^g. 18-1. Here the cycle consists of the 
following processes: 


ah Work produced by isentropic expansion to the lower temperature Ta 
he Heat added in the evaporator at the lower temperature Ta 
cd Work added in the isentropic compression to the higher temperature Tr 
da Heat rejected in the condenser at the higher temperature Tr 


The refrigeration is proportional to the area jhek, the net work supplied is 
proportional to area abed, and the heat rejected is proportional to area 
jadic. For this cycle, by Eq. (18-1), 


CP 


Carnol 


AQa 

-lAW 


AQbc 

“-{AQbc + AQda) 



(18-4) 


It has been demonstrated (Art. 7-1) that, between fixed temperature 
limits, all reversible engines have the same thermal efficiency, the thermal 



s 



Fig. 18-1. Camot refrigeration cycle (the refrigerant is a vapor). 


efficiency of the Camot cycle. Thus, the work of the Carnot cycle 
is the maximum work that can be obtained from transformation of 
heat energy in a heat-engine cycle. But if the Carnot cycle (or any 
reversible cycle) delivers the maximum work as a heat engine, it must 
therefore require the least work for the reversed operations as a heat 
pump. Thus, the coefficient of performance of a reversible engine is the 
optimum performance for the refrigeration machine. Moreover, all 
reversible heat pumps operating between the same temperature limits 
will have the same coefficient of performance no matter what fluid is 
used as the refrigerant or what pressures are experienced in the system. 
Then, the work or power required per ton of refrigeration will also be inde¬ 
pendent of the refrigerant and dependent only upon the temperatures 
of source and sink. These conclusions are valid only for the reversible 
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cycle because the irreversibilities and the temperature limitp of the real 
cycle will be affected in greater or less degree by the properties of the 
refrigerant (Table 18-1, page 352). 

A relative efficiency can be defined by comparing the work of the real 
refrigeration cycle to that of the Carnot: 


VrC 


AW, 


Carnot oycla 


AW, 


refrigeration cycle 


_ Qa-C 


CP, 


refrigeration cycle 


CPc 


(18-5) 


The relative efficiency is always less than unity. When this efficiency is 
computed, the work of the Carnot cycle should be based upon the tem¬ 
peratures of the refrigerated space and the cooling medium. If, instead, 
the relative efficiency is computed from the temperatures of heat addition 
and rejection within the cycle, then the system is not penalized for the 
irreversibility of the temperature differences that actually are present. 


Example 1. A Carnot cycle is to operate between 80°F (atmospheric) and 40°F, 
with steam as the refrigerant. The quality is 0.80 at state d (Fig. 18-1), and state a 
is that of saturated liquid. Compute the CP, horsepower per ton, and the work of 
each process (all to be flow processes). 

Solution. By Eq. (18-4), 


CP 


Ta 


500 


12.5 Ans. 


By Eq. (18-3), 

hp/ton 


Th ~ Ta 540 - 500 
4 71 4 71 

* 0.378 hp/ton refrigeration 


Ans. 


The properties at each state of the cycle can be obtained from the Steam Tables and 
by calculation Getters correspond to Fig. 18-1), 

K « 48.02 Btu/lb,„ xa * 0.0 Va » 0.01608 ftVlb« 

hb ss 46.6 Xb *= 0.0359 Vb ~ 87.9 

K = 824.1 xc = 0.761 Vc - 1,860 

hi = 886.9 Xd * 0.80 Vi - 506.5 

Sa - 0.0932 Btu/(lbm)(°F) pa = 0.5069 psia 

8b * 0.0932 P6 “ 0.12170 

Sc * 1.6474 Pc = 0.12170 

Sd - 1.6474 pd - 0.5069 

The work of compression is 

AWed « -{hd - he) » -(886.9 - 824.1) « -62.8 Btu/lb,„ Ans. 

The work of expansion is 

Atf>o6 - —{hb — ha) - —(46.6 — 48.02) » -fl.42 Btu/lbm Ans. 

Note that the work obtained in the expansion process is but a small fraction of the 
work that must be supplied for the compression process. 

This example indicates that steam would be a particularly undesirable refrigerant 
for these temperature limits. The pressures throughout the system are far below 
atmospheric so that the prevention of air leakage into the system would undoubtedly 
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be a difficult if not impossible task. Compared with other refrigerants the specific 
volumes at c 4nd d are large, and this would require a large compressor displacement. 
For these reasons it would be highly impractical if not impossible to use steam as the 
working fluid for this cycle (but see Art. 18-5). 

18-3. The Vapor-compression Refrigeration Cycle. For most com¬ 
mercial purposes, the temperature range demanded of the refrigeration 
cycle is small, and therefore the work produced in the expansion process 
is negligible relative to the compression work (Example 1). Thus, the 
refrigeration machine can be simplified by substituting a throttling valve 
for the expansion turbine, with consequent savings in initial cost and 


Condenser Tp 




Fig. 18-2. Ideal vapor-compression refrigeration cycle. 

maintenance. The elements of the ideal vapor-compression cycle are 
illustrated in Fig. 18-2. 

ah Throttling at constant enthalpy to the lower temperature Ta 
he Heat added in the evaporator at the lower temperature Ta 
cd Work added in the isentropic compression to the higher temperature Tr 
da Heat rejected in the condenser at the higher temperature Tr 

Note that in the throttling process the temperature of the refrigerant 
falls to the saturation temperature corresponding to the pressure main¬ 
tained in the evaporator by the suction of the compressor. 

In the real system, all processes are irreversible and temperature 
differences will be present. Figure 18-3 depicts some of these effects. 
The temperature Ta at the end of the throttling process ah must be lower 
than the temperature of the room or space being refrigerated. The 
rate of vaporization of the refrigerant in the evaporator depends on this 
temperature difference (and on the surface offered by the evaporator). 
The refrigerant entering the compressor may be wet or dry vapor, the 
state being controlled by the location of the vapor take-off on the evapo¬ 
rator as well as by the mass-flow rate, which is governed by a control 
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mechanism on the expansion valve. Dry compression is usually preferred 
because a greater refrigerating effect can be obtained per unit of mass 
flow and because the presence of large drops of liquid in the compressor 
may cause damage. Consequently, the final state d lies, most often, in 
the superheat region at a temperature above Tr, The gas is cooled and 
condensed in the condenser because of a temperature difference between 
gas and coolant. The design of the condenser is to facilitate subcooling 
ea to a temperature quite close to that of the cooling medium, To. Note 
that the pressure in the condenser for a selected refrigerant depends upon 
the temperature of the available coolant (tap water, usually). 




(a) [b) 

Fig. 18-3. Irreversibilities in the vapor-compression refrigeration cycle. 

Suppose that the compressor is operated, but without flow of refrigerant. The 
pressure pbc then falls toward zero. Let refrigerant be admitted; since there is a 
‘‘hot” body to be cooled, the refrigerant will absorb heat and vaporize, with conse¬ 
quent enormous specific volume because of the low pressure. Therefore, the capacity 
of the compressor is exceeded, and the pressure he rises. But, with the rise in pressure, 
the specific volume of the refrigerant decreases, and therefore a steady state is reached 
at that pressure (or temperature) dictated by the capacity of the compressor. [Thus, 
reciprocating-piston compressors can be used for small temperature ranges or for small 
refrigeration capacities, while centrifugal or rotary machines are usually demanded 
for low-pressure (low-temperature) and high-capacity demands.] 

Example 2. For the same data as Example 1, let Freon, F-12, be the refrigerant, 
with saturated vapor leaving the evaporator and saturated liquid leaving the condenser. 
Compression efficiency is 80 per cent. Compute the coefficient of performance. 

Solution. From Table B-14 for the states indicated in Fig. 18-3, 

he hb 26.28 Btu/lbw p* 98.76 psia 

he — 82.71 Btu/lbm Pc • 51.68 psia 

If compression were isentropic, state d would be 6° superheated and with enthalpy of 
86.80 -b 0.95 — 87.75 Btu/lbm (linear interpolation of the data at 80°F for an entropy 
of 0.16833). 
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Auii». - -AA - -(87.75 - 82.71) - -5.04 Btu/lb» 
— 5 04 

At/^actual * Q gQ ■“ . 6.3 Btu/lbm 

and therefore 


hd - 82.71 + 6.3 * 89.01 Btu/lb„ 

_ AgA _ he - h, _ 82.71 - 26.28 56.43 

-diW hd - he 89.01 - 82.71 “ 6.3 “ 


Ans. 


In analyzing the flow processes of the vapor-compression cycle, the 
following quantities may be calculated (all subscripts refer to Fig. 18-3): 


Expansion valve: 


Aq — Aw = Ah = 0 



ha = hb — {hf -|- xhfo)b 

(18-6) 

Evaporator: 

Aq — Aw = Ah and Aw = 0 

AqA — he hb 

(18-7) 

Compressor: 

Aq — Aw = Ah 

AWed = —{hd - he) 4- Aqed 

(18-8) 


{Aq rejected is negative, by convention.) 
If compression is isentropic. 


AWcd,rev (^hd hc)fmC (18“9) 

Condenser: 

Aq — Aw = Ah and Aw = 0 

Aqn = ha-hd (18-10) 


Coefficient of performance: 


CP 


AQa _ he hb __ 

— AWA (hd — he) - Aqcd 


Mass’flow rate of refrigerant per ton of refrigeration: 

11 // • X/. X 200 Btu/(min)(ton) 

m, - lb./(mm)(ton)- a,. Btu/lb. 

Compressor capacity per ton of refrigeration: 


(18-11) 


200 

he — hb 


(18-12) 


C(cfm/ton) = m/[lbm/(min)(ton)]t;(ftVlbm) = rh/v 

V == specific volume of refrigerant at compressor inlet 


(18-13) 


Horsepower required per ton of refrigeration: 

, 12,000 Btu/(hr)(ton) 4.71 

- (2544 Btu/hp-hr)CP " CP 


(18-3) 
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Example 8. A refrigeration system uses ammonia as the refrigerant. The teiti- 
peratures in the evaporator and condenser are, respectively, 5 and 86°F; the vapor 
entering the compressor is saturated, and the liquid entering the expansion valve is 
saturated; compression is isentropic. For these conditions find (a) the heat and work 
transfers for each process, (b) the CP, (c) horsepower per ton, (d) ideal CP, (e) relative 
efficiency, (/) mass-flow rate, (g) compressor capacity. 

Solution. The properties at each state of the cycle will be found by means of Table 
B-16 and by calculation (subscripts correspond to Fig. 18-2, although in this problem 
state d lies in superheat region): 


Also, 


Pa 

Pc 


169.2 psia ta « 86°F ha - 

34.27 te ^ 5 he = 

« 1.3253 Btu/(lb,„)(°R) Vc - 
hb ^ ha 138.9 Btu/lb, 


* 138.9 Btu/lbm 
= 613.3 
8.150 ftVlbtn 


(18-6) 


Since the entropy at state d is equal to that at c, interpolation of the superheat values 
in Table B-16 shows that 


Pd = Pa “ 169.2 psia td = 211®F ha = 713.4 Btu/lbm 
With these values, the work and heat transfers can be found: 


^qA = ^ he ^ hb ^ 613.3 — 138.9 « 474.4 Btu/lbm Ans. 

AqR =* Aqda ^ ha — hd ^ 138.9 — 713.4 * —574.5 Bt\i/lbm Ans. 
Awed » -(hd - hc),^c * -(713.4 - 613.3) = -100.1 Btu/lbm Ans. 
or AWed « AqA Aqn 


(b) The coefficient of performance equals 

CP = -Md. = llli 
-AW 100.1 


4.74 


Ans. 


(c) The horsepower per ton of refrigeration equals 

, 4.71 4.71 . 

hp/ton « « 0.995 Ans. 


(d) The Carnot or ideal CP equals 

CP « « 464.7 

To - Ta 545.7 - 464.7 


5.74 


Ans. 


(e) The relative efficiency equals 

_ CP.ctual _ 4.74 
“ CPc.,.„t ” 5.74 


0.826 


Ans. 


(/) The mass-flow rate per ton of refrigeration is 
900 900 

Th/ *= -- « = 0.422 Ibm/(min) (ton) Ans. 

AqA 474.4 

(g) The required compressor capacity is 

C ^ rh/v 0.422(8.150) - 3.44 cfm/ton Ans. 


These values differ somewhat from those shown in Table 18-1 because the two super¬ 
heat states listed in Table B-16 do not allow precise evaluation of intermediate states. 
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The real cycle contains an irreversible throttling process and, also, 
varying degrees of superheat. Since these variables are governed by 
the characteristics of the fluid and not directly by the evaporator or 
condenser pressure, the CP of different refrigerants will not be the same. 
In Table 18-1 comparison is made of different refrigerants. 

18-4. Properties of Refrigerants. It is desirable from practical as 
well as theoretical considerations that the refrigerant should exhibit 
certain characteristics. The properties of the ideal refrigerant would 
show the following qualities (compare with those for an ideal heat- 
engine fluid; Art. 15-4): 

1. The latent heat of vaporization should be large, and the heat 
capacity of the liquid should be small because then the mass-flow rate 
would be low. Note that, the smaller the heat capacity of the liquid, 
the less will be the vaporization during throttling and therefore the greater 
the amount of heat that can be abstracted from the cold source. 

2. The critical point should be above the highest operating temper¬ 
ature, for then the fluid after compression is close to the two-phase region 
where condensation can take place at constant temperature; not only 
are heat-transfer rates better in the two-phase region, but also the irre¬ 
versibility of a temperature difference is reduced by the constancy of 
temperature. 

3. The vapor pressure in the condenser should not be high. High 
pressures increase design costs and maintenance. 

4. The vapor pressure in the evaporator should be higher than atmos¬ 
pheric pressure. This would prevent air from leaking into the system 
and so increasing the amount of work that must be supplied to the com¬ 
pressor for a definite amount of refrigeration. Air in the system also 
adversely affects the rate of heat transfer. The humidity in the air is 
especially troublesome because the water tends to freeze in the smallest 
section of the system, the expansion valve. 

5. The entropy of the saturated vapor should not change markedly 
with pressure, or else it should increase slightly as the pressure increases 
because then the refrigerant can enter the condenser as a wet or saturated 
vapor. 

6. The properties of the fluid should be conducive to high rates of heat 
transfer in order that both surface areas and temperature differences can 
be small in the heat exchangers. 

7. The refrigerant should be cheap in cost, stable, nonexplosive, non- 
corrosive under all conditions of operation, and nonpoisonous for safety 
of personnel. 

No refrigerant is known that possesses all these properties, but certain 
fluids have qualities that are particularly suited for special applications. 
A few of these fluids are listed as follows and in Table 18-1. 
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Anhydrous ammonia is one of the oldest and most widely used refrigerants because 
of its high latent heat, moderate pressures, and small compressor capacity (Table 
18-1). The evaporator pressure is above atmospheric in the usual installation where 
temperatures below -28®F are not demanded. On the debit side, ammonia, while 
noncorrosive to the ferrous metals, is corrosive to brass and bronze; ammonia is toxic 
and also irritating to the eyes, nose, and throat (Table B>16). 

Freons make up the most important group of refrigerants: CCljF (trichloromono- 
fluoromethane)(Freon- 11 , Genetron- 11 ); CCI 2 F 2 (dichlorodifluoromethane)(Freon-12, f 
Genetron- 12 ); CCIF3 (monochlorotrifluoromethane)(Freon-13); CF 4 (tetrafluoro- 
inethane) (Freon-14); CHCIF2 (monochlorodifluoromethane) (Freon-22, Genetron-141); 
CC 12 F-CC 1 F 2 (trichlorotrifluoroethane) (Freon-113); C 2 CI 2 F 4 (dichlorotetrafluoro- 
ethane) (Freon-114). 

The Freons are nonflammable with low toxicity. Freon -11 is widely used with 
centrifugal compressors for medium- to low-temperature ranges. Freon -12 and -22 
are for general refrigeration purposes (piston-type compressors) such as air condition¬ 
ing. Freon-22 was developed for low temperatures (— 20°F), while Freon-13 and -14 
are for extremely low temperatures. 

The properties of Freon-12 are listed in Table B-14. This is probably the most 
widely used of the Freons; although its latent heat is low, thus requiring a high mass- 
flow rate, the CP is essentially the same as for ammonia. 

Methyl chloride (CH3CI) has properties quite similar to Freon -12 but is somewhat 
toxic. It has been used extensively in commercial and domestic installations (Fig. 
B-4). 

Carbon dioxide (CO 2 ) has been used quite extensively as a refrigerant on shipboard 
because of its nontoxic properties. However, the high pressures in the system and the 
low CP have decreased its popularity with the advent of the Freons. Its use today 
is primarily in the manufacture of dry ice (Fig. B-3). 

Sulfur dioxide (SO 2 ) was a popular refrigerant for the household refrigerator because 
of the low pressures in the cycle; it is somewhat more toxic than the other refrigerants. 

18-6. Vacuum Refrigeration. Water is, without doubt, the safest 
as well as the cheapest vapor refrigerant although the cycle tempera¬ 
tures must ordinarily be above 32®F. For certain processes, notably 
air conditioning, low temperatures are not needed and water can be 
used as the refrigerant although the pressures in the system are sub- 
atmospheric (Example 1) and the vapor volumes are large. To handle 
the large volume of refrigerant, an ejector is generally used although a 
centrifugal pump is a possible substitute. 

In Fig. 18-4, relatively warm water is sprayed into a flash chamber 
that is maintained at a low pressure by an ejector or pump. A small 
portion of the water flashes into steam, and the latent heat of vaporiza¬ 
tion so demanded is supplied by the water (the flash chamber is insulated 
to reduce heat transfer from the surroundings). Thus, the water is 
cooled to the saturation temperature dictated by the pressure. The 
chilled water is then pumped to the point where it is required, and the 
warmed water returned to the flash chamber for cooling. 

t This structural name indicates that two chlorine and two fluorine radicals have 
replaced hydrogen in the compound methane (CH4). 
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The vapor withdrawn from the flash chamber by the ejector or pump 
is compressed and delivered to the steam condenser (Fig. 18-4). Here 
the pressure, as in the flash chamber, is far below atmospheric, the par¬ 
ticular value being determined by the temperature of the available cooling 
water (Example 1). 

The vacuum system, using steam-jet ejectors, has few moving parts 
because a mechanical compressor is eliminated. This simplification, 
along with the cheapness and nontoxicity of water, makes up for the 
inefficiency of the ejector. And if waste steam is available, at pressures 
above 5 psia (and, preferably, much higher), a water-vapor system 
becomes highly desirable. 



Fig. 18-4. Vacuum refrigeration system. 


An energy balance can be made on the flash chamber to show the 
refrigeration: 

rhfihi = rhf^hi + rhf^hz (AQ, ATF = 0) 

Since m/i = m /2 + m /3 

then m/ 2 (/ii — / 12 ) = fhfzQiz — h{) 

and the refrigeration is 


^Qa — ^/2(^i — rhfzQiz — h\) (18-14) 

Example 4 . A vacuum system produces 200 gpm of chilled water at 40®F with 
return water at 55°F. The vapor leaving the flash chamber has a quality of 0.98, and 
the temperature in the condenser is 90°F. Determine (a) the pressure in flash 
chamber and condenser, and pressure ratio, (6) the refrigeration capacity, (c) the 
amount of make-up water, and (d) the volume of vapor entering ejector. 

Solution, (a) The vapor pressure of water at 40°F is the pressure in the flash 
chamber. From the Steam Tables, 


p • 0.12170 psia Ana, 
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The vapor pressure at 90®F is the pressure in the condenser: 


p -■ 0.6982 psia Ans. 

The pressure ratio equals 

PcondeoMr 0.6982 K 74 
“ p,v.po«tor “ 0.12170 ” ° ' 


Ans. 


(b) The mass-flow rate equals 

" 200 (If-) C^) 0.1338 - 1,670 lb„/mm 

And the refrigeration is 


AQa “ Th/iihi — hi) ** 1670(15.02) - 25,100 Btu/min or 125.5 tons Ana. 

(c) The mass of vapor entering the ejector is found by Eq. (18-14): 

AQa “ Th/i{ht — hi) » 25,100 Btu/min 


where hi = 8.05 -f 0.98(1071.3) * 1058 Btu/lb«, hi ■■ 23.07 Btu/lbm. Hence, 

m /3 “ * 24.25 Ibrn/min Ans. 

This is also the quantity of make-up water required. 

(d) The specific volume of the vapor at 40°F is 


V = 0.016 4- 0.98(2,444) * 2,395 ft»/lb,„ 
and C a* rh/v *= 24.25(2,395) = 58,100 cfm Ans. 

18-6. Absorption Refrigeration. It has already been remarked that 
the work necessary to compress a liquid is but a small fraction of that 

required to compress a gas (Art. 
5-Sd). Thus, the work supplied to 
the refrigeration system could be 
reduced if the refrigerant were 
pumped to the condenser pressure 
as a liquid rather than as a gas. 
A means of achieving this objective 
is offered by the absorption system 
(Fig. 18-5). Here as in the com¬ 
pression system the refrigerant 
passes from condenser to expansion 
valve to evaporator. But, unlike 
the compression system, the vapor 
issuing from the evaporator is dis¬ 
solved in a cold solvent in the absorber; this liquid solution is then 
pumped into the high-pressure generator where the solution is heated. 



Fig. 18-5. Elements of the absorption 
refrigeration system (cycle). 
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The refrigerant is thus liberated from the solution and passes to the 
condenser while the solvent returns to the absorber. Of course, the 
solvent must be able to hold in the cold solution a greater amount 
of refrigerant than in the hot solution. 

An aqua-ammonia solution is generally used (ammonia as the refriger¬ 
ant, water as the solvent) in the absorption system. The ammonia 
vapor entering the absorber is dissolved in relatively cold (80 to 90°F) 
water. Heat is liberated in the process, and cooling coils are necessary 
to maintain the low temperature. The cold solution of water and 


Cold brine to cold storage 
room or ice tank 



H-Pump Cold water 


Fig. 18-6. An absorption refrigeration system. [From J. H. Perry (ed.), “Chemical 
Engineers’ Handbook,” 3d ed., McGraw-Hill Book Company, Inc., New York, 1950.) 

ammonia (called the strong aqua) is pumped to the generator where it is 
heated (200 to aOO^'F). The hot solution cannot hold as much ammonia 
as the cold solution; hence, ammonia vapor is liberated and passes to the 
condenser. The hot and therefore weak solution of ammonia and water 
(called the weak aqua) is then throttled back to the absorber to be cooled 
and strengthened. 

The simple system of Fig. 18-5 would deliver not only ammonia 
but also a large amount of water to the conienser. To improve the 
performance, a more complicated system must be used. Figure 18-6 
shows the ammonia vapor being withdrawn from the evaporator F 
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because of the continuous removal of the ammonia vapor in the absorber 
G. The strong aqua from the absorber is pumped (H) through a heat 
exchanger I before entering the analyzer B. In the analyzer, the strong 
solution is heated while the gas from the generator is cooled, and in this 
cooling, water vapor more than ammonia vapor is condensed. The gas 
leaving the analyzer thus has a high percentage of ammonia vapor. 
Sometimes a second cooler, called the rectifier (not shown in Fig. 18-6), 
is placed before the condenser. The rectifier is simply a precondenser 
that by cooling the gases removes a greater percentage of water than of 
ammonia. The condensate, or drip, from the rectifier is returned to the 
generator via the analyzer. The gases finally entering the condenser C 
are thus primarily ammonia. 



Fig. 18-7. Cooling processes. 


Although the amount of mechanical energy supplied to the absorption 
system is small, the amount of thermal energy greatly exceeds the 
energy requirements of the compression system, and a larger amount of 
cooling water is required. For these reasons the absorption system is 
rarely used unless waste heat is available, say low-pressure exhaust steam 
from the power plant. 

18-7. Liquef 3 ring and Solidifying Processes. Suppose that the prob¬ 
lem is to produce a liquid or a solid phase of a substance. One of the 
following processes, illustrated in Hg. 18-7, could be selected: 

1 . Change of phase by cooling at essentially constant pressure (1-5) 

2 . Change of phase essentially adiabatic expansion in either a 
piston-type or a turbo expander (2-5) 

3. Change of phase by compression and cooling (3-5) 

4. Change of phase by throttling (4-5) 
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The throttling process has the merit of simplicity (no moving parts) 
for attaining low temperatures where lubrication may be a problem. 

In the Linde process for liquefying gases such as oxygen or air, the 
apparatus appears as in Fig. 18-8. Gas enters at 1 and is throttled at x to 
a lower pressure, with consequent fall in tempera¬ 


ture, and the lower-pressure and lower-temperature 
gas counterflows to the exit, 2, thus cooling the 
incoming flow. Eventually, a steady state is 
reached, and a fraction y of the incoming flow is 
liquefied (or solidified). For an adiabatic steady- 
flow process without work, 

'Lrhf Ah = 0 
yhz + (1 - y)h 2 = hi 

And the solid or liquid fraction y equals 



(18-15) 





The enthalpy hz is set by the exit pressure pz ^ig. 18-8. Linde pro- 

(hz = hf or hi), the enthalpy /12 is determined by the cess. 

exit pressure and the pressure drop in the heat 

exchanger, while the initial enthalpy hi is set by the values of pi and ti. 

Of all these variables, pi is most readily varied; hence, for maximum yield 

(maximum y), the foregoing equation shows that hi should be small. 

18-8. The Refrigeration Cycle as a Heat Pump. The heating of 
buildings is an ever-recurring engineering problem. A building can be 
heated by burning fuels or by dissipating work, as, for example, when 
an electric current passes through a resistance heater. Electric-resistance 
heating, while convenient, is the ultimate degradation of energy, for 
here available energy is used to produce only heat. Consider that in 
the power plant a fuel is burned and work is obtained in amount seldom 
as much as 25 per cent of the heat of combustion of the fuel. Then, 
the work must have value at least four times that of the heat used to 
produce the work. Because of this fact, the average building can be 
heated more cheaply by direct firing of an expensive fuel in an inefficient 
furnace than by irreversibly using electrical energy that was produced 
by burning an inexpensive fuel in an efficient furnace. 

Even when the electrical energy is produced by water power, the 
use of such energy for an irreversible heating purpose may be more 
expensive than direct firing of fuel. The cost of electrical energy includes 
not only the cost of any fuel used but also the fixed costs of the installa¬ 
tion and the distribution costs. 

The remedy is to replace the highly irreversible electric-resistance 
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heating process with a process that can at least approach reversibility. 
Since work in the form of electrical energy can be derived from a heat- 
engine cycle, then the cycle can be reversed and heat obtained by supply¬ 
ing work. By this means the ratio of performance is reversed and the 
amount of heat received can be many times the amount of work added. 
Consider the familiar Carnot cycle of Fig. 18-9. Here, for every unit 
of heat added to the cycle, work is obtained of amount equal to 

AW = vt^QA = (1) = 0.178 unit 


But this cycle can be reversed to act as a heat pump; work of amount 

0.178 unit can be supplied, and 1 unit 
of heat will be received at the higher 
temperature. Thus, for the heat pump, 
the coefficient of performance is defined as 


560‘ 


460* 


CPrefrigerofor - ~ 4.61 

^'^heot pump “ d.l^B ~ 


100^F 


O^F 

7777777Z; 

• 0.176 unit y 
'////////A 


0.822 unit 


Total 
1 unit 


CP = 


heat delivered AQ« 


work supplied 
And for Fig. 18-9, 

1 


CP = 


0.178 


XAW 


= 5.61 


(18-16a) 


Fig. 18-9. The coefficients of per ^ 0 ^ Qf 00 obtained by 

formance of the reversed Carnot . . ^ ^ , 

cycle. supplying 1 unit of work to the cycle. 

Compare this answer with the 1 unit of 
heat that would be received by direct conversion of electrical energy in 
a resistance heater. 

Although the heat pump is a refrigeration cycle, the coefficients of per¬ 
formance differ. Comparison shows that 


CPheatpump — CPrefrigeration ~\~ 1 (18-166) 

It is unfortunate that a heat pump can have two different coeflScients 
of performance. 

The reversed heat-engine cycle is called a refrigerator (and, also, a 
heat pump) when the evaporator is used for cooling purposes, as shown 
in Fig. 18-lOa; the same cycle is called a heat pump (but not a refrig¬ 
erator) when the condenser is used for heating purposes, as shown in 
Fig. 18-106. A combined system that'serves as a heat pump in the 
winter and a cooling system in the summer is illustrated in Fig. 18-11. 
Here the system consists of a heat exchanger A, a condenser B, an 
expansion valve C, an evaporator D, and a compressor (not shown). 
The refrigerant (Freon, F-12) is circulated through compressor, con¬ 
denser, expansion valve, and evaporator. In the heating cycle the 
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cooling water from the condenser passes through the heat exchanger 
alone and warms the supply air, which is also humidified by the spray 
humidifier. The evaporator is supplied with water from a deep well, 
and therefore the temperature of this water is higher than that of the 
outside winter air. This high-temperature water increases the coefficient 
of performance. In the cooling cycle the well water is pumped through 
the evaporator and cooled to a low temperature; it then enters the heat 
exchanger, which is now a cooling section. The water leaving the 
heat exchanger passes through the condenser before returning to the 
ground. This is an example of a water-to-water design; water is used 
to heat the evaporator and also to cool the condenser. 




Fig. 18-10. The vapor cycle as a refrigeration cycle and as a heat pump cycle, 
(a) Refrigerating; (6) heating. 

In the installation described in the previous paragraph, water passed 
over the evaporator of the heat pump and so transferred heat to the cycle. 
The temperature of the water is frequently above the temperature of the 
atmosphere because the temperature of the earth does not markedly 
change with changes in climatic conditions. (In the Chicago area, a well 
60 ft in depth will supply water at a temperature of about 50®F.) Where 
well water is not available, or where withdrawal of water with consequent 
lowering of the water table is to be avoided, a heat exchanger can be 
buried in the earth. The heat exchanger can be a vertical U tube 
running several hundred feet below the surface of the earth. A small 
quantity of liquid can be circulated through the heat exchanger and the 
evaporator, the water being heated in the heat exchanger by the relatively 
warm earth and cooled in the evaporator by the cold refrigerant. 
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Fig. 18-11. Water-to-water combined heat pump and cooling system. (From E. B. 
Penrod, Mech. Eng., August, 1947, pp. 639-647.) 
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In the winter the surface temperature of the earth decreases in pace 
with the air temperature as the winter progresses, but the temperature 
below the surface will lag the air temperature because of the heat capacity 
and thermal resistance of the earth. Thus, the lowest temperature 
reached at a depth of 20 ft may occur more than a month after the lowest 
air temperature of the winter has been experienced. Too, under strong 
sunlight the ground surface temperature may be much higher than the 
air temperature because of the absorption of radiant energy. Thus, heat 
exchangers buried at shallow depths may prove useful. 

In regions with mild winters where the heating and cooling loads are 
approximately equal, an air-to-air system^ can be used and the cost of 
wells or buried heat exchangers can be eliminated. In this heat pump 
the outside air is used as the source of heat while air is also directly 


Exhaust-air fan Conditioned-air fan Exhaust-air fan Conditioned-air fan 



HEATING CYCLE COOLING CYCLE 

Fig. 18-12. Air-to-air heat pump and cooling system. 

used to cool the condenser. The refrigeration cycle is simplified because 
air dampers serve as the means of control, as illustrated in Fig. 18-12. 
In regions with severe winters, this system is penalized because the 
capacity provided for winter heating must be greater than the capacity 
required for summer cooling; too, frost will form on the evaporator, 
thus reducing the rate of heat transfer and requiring a defrosting system. 

Returning again to the cost factor of the heat pump, recall that the 
power cycle produces work from heat and that work in the form of 
electrical energy can be readily transported. Now if the power cycle 
were to be reversed, heat would be obtained at a very high temperature 
but the cost of the heat would be far greater than the original cost to 
the power plant because all real processes are irreversible and fixed 

t Other systems are designated as follows: earthrto-air (the earth directly heats the 
evaporator and air cools the condenser); waier-to-air (water heats the evaporator and 
air cools the condenser). 
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costs and distribution costs must be included. On the other hand, for 
home heating, heat need be supplied only at moderate temperatures, 
and therefore the CP of the heat pump will be larger than the CP of 
the reversed power cycle. In fact, when the thermal efficiency of the 
power plant is 30 per cent and the CP of the heat pump is 4, the heat 
obtained from the heat pump is equal to 120 per cent of the heat originally 
supplied to the power cycle. The heat pump appears to be especially 
advantageous when electricity is obtained from cheap water power 
or when costs of fuels are high. For these reasons, it is difficult to esti¬ 
mate whether the heat pump can show an economic gain over direct 


60 s, cents per therm, 757o eff 
Oil, cents per gallon, 137,000 Btu gol"’, 75®/oeff 
Cool, dollars perton, 12,000 Btu lb/^“\ 657© eff 



0 0.005 0.010 0.015 0.020 0,025 0.030 0.035 0.040 0.045 0.050 

Cost of electricity, dollars per kwhr 


Fig. 18-13. Comparative heating costs. (From data of Penrod.) 

firing; in most cases, direct firing is the cheaper method. An indication 
of the relative costs is given by Fig. 18-13. The heat pump, being a 
refrigeration cycle, however, offers the advantages of both winter heating 
and summer cooling, and this fact may well prove to be the deciding 
factor in future installations. 


PROBLEMS 

1. A Carnot reversed cycle is used as a refrigeration system between the standard 
temperatures of 5 and 86®F. Determine the coefficient of performance and the horse¬ 
power per ton of refrigeration. 

2 . Repeat Example 3, assuming that carbon dioxide is the refrigerant. 
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8. Repeat Example 3, assuming that the liquid ammonia is subcooled 20®F before 
entering the expansion valve. 

4 . Determine the condenser and evaporator pressures for carbon dioxide, methyl 
chloride, and Freon-12 for the data of Example 1. Discuss. 

6. Ammonia is used as the refrigerant between temperatures of —40 and 80®F. 
The liquid leaving the condenser is saturated, and the vapor entering the compressor 
is also saturated. Compression is isentropic. Determine the coefficient of per¬ 
formance, the horsepower per ton, and the capacity of the compressor. 

6. Repeat Prob. 5, assuming that carbon dioxide is the refrigerant. 

7. (a) For the data of Example 3, determine the compressor capacity for a refriger¬ 
ation capacity of 25 tons. 

(6) If a double-acting, reciprocating-piston compressor is used with clearance of 
0.05 and speed of 100 rpm, what must be the displacement of the compressor (see 
Art. 17-5)? 

8 . Repeat Example 3, assuming that the isentropic compression efficiency is 0.80 
and the process is adiabatic. 

9. Repeat Example 3, assuming that the vapor entering the compressor contains 
10 per cent moisture and compression is isentropic. 

10. Determine the coefficient of performance and horsepower per ton for a vapor- 
compression system that uses methyl chloride as the refrigerant between temperatures 
of 0 and 80°F. The liquid leaving the condenser is subcooled to 70°F, and the vapor 
entering the compressor is 10®F superheated; isentropic compression efficiency is 
85 per cent for the adiabatic compression. 

11. A vapor-compression cycle uses methyl chloride as the refrigerant between 
evaporator and condenser temperatures of 20 and 100°F, respectively. The horse¬ 
power per ton is 1.08, and the liquid leaving the condenser is subcooled to 90®F. 
Determine the coefficient of performance and the quality of the vapor entering the 
evaporator. 

12. Investigate the feasibility of installing an adiabatic expansion engine, with 
isentropic efficiency of 80 per cent, in the system of Prob. 10. 

18. A vacuum system with ejector is to produce 50 tons of refrigeration by circu¬ 
lating at 45°F water that is warmed to 55°F. The available cooling water for the 
condenser can maintain a condensing temperature of 100°F. Determine (o) the mass 
flow rate of chilled water, (6) the amount of make-up, and (c) the volume of vapor 
removed from the flash chamber if the vapor is saturated. 

14. Repeat Prob. 13 assuming that a centrifugal compressor (adiabatic) is to be used 
with isentropic compression efficiency of 65 per cent. Determine the coefficient of 
performance and horsepower per ton of refrigeration. 

16. A Carnot heat pump supplies 80,000 Btu/hr of heat at 75°F when the outside 
temperature is 32°F. Determine the coefficient of performance, the power required 
to drive the pump, and the power required for electric-resistance heating (kilowatts). 

16. A vapor-compression system with Freon-12 as the cycle fluid is to be used as a 
heat pump to supply 80,000 Btu/hr at 75°F. The outside temperature is 32®F, and 
a 10°F difference is present between evaporator and outside air and also between 
condenser and circulating air for heating. The vapor entering the compressor is 
saturated; the compression is isentropic; the liquid at the expansion valve is saturated. 
Determine the coefficient of performance and the cost of heating j>er hour if electricity 
is supplied at 5 cents per kilowatthour. 

17. Suppose that the flash chamber of Fig. 18-4 has a total volume of 10 ft* and 
contains 5 ft* of saturated vapor and 5 ft* of saturated liquid at 70°F. A vacuum 
pump lowers the pressure in the chamber (assumed adiabatic). Make reasonable 
assumptions and find the mass of ice that can be formed. 
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18 . Carbon dioxide gas is compressed to 900 psia and cooled to SO^F. It then 
enters the Linde chamber, where it is throttled to 15 psia. The gas leaves the heat 
exchanger at 60°F and 15 psia. 

(а) Calculate the mass of dry ice produced per pound of gas supplied. 

(б) Calculate the temperature of the gas directly before throttling if the pressure is 
890 psia. 

19 . Repeat Prob. 18, but precool the gas to 40°F while maintaining the 20° terminal 
difference. 
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Introduction to Heat Transfer 


Although the application of thermodynamic principles to a system 
gives both the amount and the direction of heat flow, no information is 
obtained on the factors which control the rate of heat flow. Methods for 
estimating the rate at which heat is transferred is the subject of the 
engineering science known as heat transfer. 

In heat-exchanger design, as in the selection of a regenerator for a 
gas-turbine unit or in the arrangement of the coolant channels in the core 
of a nuclear reactor, the engineer is faced with the problem of attaining 
a maximum rate of heat transfer. To accomplish this, he must estimate 
the influence of exchanger geometry, fluid properties, exchanger materials, 
fluid velocity, and other variables upon the rate at which heat will be 
transmitted. 

But variations of these parameters to increase heat transfer may 
lead to undesirable effects on other important factors, such as pumping 
power requirements and material temperatures and stresses. Thus the 
economic design must involve consideration of many disciplines: thermo¬ 
dynamics, heat transfer, fluid mechanics, properties of materials, and 
stress analysis. 

In other situations, the engineer may find it necessary to minimize 
the transfer of heat as in the specification of materials for structural 
walls. Here the insulating properties of solids and fluids are of interest. 

Frequently, the engineer must know the temperature distribution in 
a system. Such information may be required to avoid temperatures 
that lead to undesirable changes in the properties of materials or to 
destructive thermal stresses. 

In all these situations, the basis of analysis is provided by the funda¬ 
mental laws of thermodynamics. The First Law establishes energy 
balances, and the Second Law, availability balances (that dictate the 
direction of heat transfer). Thus the laws of thermodynamics bound the 
problem, but no information is provided on the factors which influence the 
rate of heat transmission. Means for obtaining such information are 
found through a study of the subject called heat transfer. 
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CHAPTER 19 


FUNDAMENTALS OF HEAT TRANSFER 

Where it is a duty to worship the sun, it is certain 
to be a crime to examine the laws of heat. 

Voltaire 


The subject of heat transfer is not a part of thermodynamics; however, 
a knowledge of the laws that govern the transfer of heat is a necessary 
requirement in the training of an engineer. 

Unfortunately, the word heat is not used in a strict thermodynamic 
sense in this new subject. Recall that from the thermodynamic view¬ 
point, an energy flow which takes place because of a temperature differ¬ 
ence is identified as heat only if (1) the energy transfer occurred across a 
system boundary and (2) it was not transported by the mass flow. 
However, it is conventional in the subject of heat transfer to denote all 
energy flows that arise because of a temperature difference as heat transfers. 
For this reason, the subject of heat transfer might be more properly 
called thermal-energy transfer. 

19-1. The Modes of Heat Transfer, f Heat may be transferred by 
three different mechanisms— conduction^ convection^ and radiation. 
These three modes are similar in that a temperature difference must exist 
and that the net energy transfer is in the direction of decreasing temper¬ 
ature. However, they are dissimilar in that the physical picture of each 
of the three phenomena and the laws controlling them differ. 

a. Conduction. The usual means of heat transmission through opaque 
solids is by conduction. To illustrate, consider that a high-temperature 
energy source is attached to one end of a rod which has perfectly insu¬ 
lated sides. Let the other end of the rod be exposed to a region of lower 
temperature. After a period of time, measurements will show that the 
temperature of the unheated end has become greater than that of the 
surroundings. From this observation, it may be concluded that some 
of the energy added at the heated end has traveled the length of the 
rod, or in the terminology of this subject, heat has been conducted from 
one end of the rod to the other. 

A simplified microscopic picture of conduction may be obtained by 

t The reader will find it helpful to review the first two paragraphs of Art. 2-1 and all 
of Art. 2-6. 
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recalling that an increase in temperature is accompanied by an increase 
in the intensity of the motions of the many particles (electrons, atoms, 
molecules) making up the body. Because of greater temperature, the 
particles near the heated end are in a more violent state of agitation than 
those near the unheated end. However, these more active particles 
tend to excite their less active neighbors, who, in turn, tend to excite 
their neighbors, and so on, so that energy is conducted along the length 
of the rod. 

Biot (1804) and Fourier (1822) are credited with formulating the 
following expression, commonly referred to as Fourier’s heat-conduction 
equation: 

In Eq. (19-1), 0 is the instantaneous rate of heat transfer through area A 
by conduction in the x direction, k is sl transport property of the medium 
called the thermal conductivityy A is an area perpendicular to x, and 
dt/dx is the variation of temperature with distance in the x direction, 
the temperature gradient. The partial derivative appears because tem¬ 
perature, in addition to being a function of a:, may also be dependent 
upon time and other coordinate directions. For the insulated rod used 
to describe the conduction phenomena, x would be the coordinate along 
the axis of the rod and A would be the cross-sectional area of the rod. 
Usually, X is measured positive in the direction of heat flow. Therefore, 
dt/dx is a negative quantity because temperature decreases as x increases. 
So, in order that Q may be a positive quantity, a minus sign is required in 
Eq. (19-1). 

There are two primary types of conduction heat transfer—the unsteady 
and the steady state. For unsteady-state conduction^ the temperature 
of the body may vary with both time and location, leading to a heat- 
transfer rate which changes with time and position. In steady-state 
conductiony the temperature of the body varies with location but not with 
time, resulting in a constant rate of heat transfer. 

h. Convection. When heating or cooling fluids by passing them over 
solid surfaces, or when mixing hot and cold fluids, energy is transferred 
by convection. In convection, conduction occurs as adjacent particles 
interchange energy, while, superimposed upon the conduction process, 
large numbers of particles at some temperature level tend to circulate 
and thus exchange energy with regions in the fluid at other temperature 
levels. The added transport of energy by the migration of large numbers 
of particles distinguishes convection from conduction. 

As an example of convection, suppose that the insulation were removed 
from the rod described in the preceding illustration. Let energy be 
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added to the rod to maintain it at a temperature greater than that of 
the surrounding air. Energy would be transmitted from the surface 
of the rod into the air, where it would*be diffused by conduction.! 

But the heat transferred by conduction causes the temperature of the 
air in the vicinity of the rod to become higher than that of the fluid 
more remotely located. The pressure is essentially constant; therefore 
the density of the air near the rod is less than that of the air far from the 
rod. The resulting buoyant effects cause the warmed air to rise from 
the heated surface, thus permitting cooler air to flow into the vicinity of 
the rod. As the warmed air rises, it mixes with, and transfers energy to, the 
cooler air. The over-all process of conduction of heat from solid surface 
to fluid, with subsequent circulation of warmed fluid as it transports 
energy to other regions of the system, is characteristic of convection heat 
transfer. 

The equation (Newton, 1701) for the calculation of convection between 
a solid surface and an adjacent fluid is 

Q = KA At (19-2) 

In Eq. (19-2), A is the surface area of the solid. At is the difference 
between the surface temperature and the fluid temperature, and he is the 
surface coefficient for heat transfer by convection, or simply the con- 
vection coefficient. Unlike thermal conductivity, he is not a property of the 
solid or the fluid but is dependent on many parameters of the system: 
the geometry and the surface finish of the solid, the velocity of the fluid, 
and the properties of the fluid (density, viscosity, thermal conductivity, 
and temperature). As it gives little indication of the dependence of he 
on many factors, Eq. (19-2) is best regarded as simply a definition of he 
rather than as a law of nature. 

Representative Values of the Convection Coefficient 

he, Btu/{hr)ift^)CF) 


Natural or free convection (air). 0.5-6 

Forced convection (air). 2-100 

Forced convection (liquids, nonmetallic). 40-1000 

Forced convection (liquid metals). 500-20,000 

Boiling (water). 200-10,000 

Condensation (steam). 1000-20,000 


Convection in which circulation is induced by buoyancy effects is 
referred to as natural or free convection.X In cases where the fluid is 

t A significant fraction of the energy added to the rod might be lost from the surface 
of the rod by radiation (see part c c^this article). 

t Although conventionally used, tne terms natural and free are not very descriptive 
of this type of convection. The distinguishing characteristic is that the fluid motion 
stems from gravitational attraction. Hence gravitational attraction convection or simply 
greanty convection seems to be a more appropriate name. 
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forced past the surface by mechanical means such as fans, pumps, or 
stirrers, or where the solid surface moves in the fluid, the heat transfer 
is known as forced convection. If the surface is moved through the fluid 
at low velocity, or if the mechanical means for forcing the flow are not 
strong, the convection is influenced by both buoyancy effects and the 
forced flow, and analysis is complex. Fortunately, in most practical 
situations, either the heat transfer is clearly natural convection or the 
mechanical means tending to give forced convection are of such intensity 
that the ever-present buoyant effects may be neglected. 

The boiling of a liquid on a warm surface and the condensing of a vapor 
on a cold surface are normally classified as convection phenomena. Here 
again the fluid motion may be solely the result of density differences 
in the medium, or it may be caused by mechanical means. 

c. Radiation. The means by which energy can be transmitted through 
space without the presence of an intervening medium is known as radia¬ 
tion. As an example of radiation heat transfer, consider a rod placed 
in an evacuated enclosure. To maintain the rod at a temperature greater 
than that of the enclosure walls, it would be found that energy must be 
continually supplied. The observed heat loss from the rod cannot be 
accounted for by conduction or convection for there is no medium between 
rod and walls. It is not implied that heat transfer by radiation occurs 
only when no intervening matter is present. Consider the heat transfers 
if the enclosure is filled with fluid. Now the rod surface loses heat to the 
fluid by convection, and, in addition, heat is interchanged by the rod 
surface and the enclosure walls by radiation. 

The propagation of heat radiation obeys laws identical with those 
controlling the transmission of light; in fact, the wavelengths of light 
occupy a small portion of the heat-radiation spectrum. Thus heat 
radiation is transmitted through space or matter at the velocity of light 
and both the wave and corpuscular theories of physics arc used to visual¬ 
ize and understand the process. 

The heat transfer by radiation, Q 12 , between the rod (1) and the evacu¬ 
ated enclosure walls (2) is given by the following equation: 

Qi2 = — 7^2^) (19-3) 

The factor $fi 2 (script F one to two) accounts for the geometry of the 
system and the radiating characteristics of each of the surfaces; Ai is 
the surface area of the rod. Sigma (a) is the Stefan-Boltzmann con¬ 
stant equal to 0.1714(10“®) Btu/(hr)(ft2)(°R^). The fourth-power rela¬ 
tionship between radiation heat tranter and absolute temperature 
(Ti,T 2 ) was first described by Stefan X1879) and Boltzmann (1884). 
The factor was proposed by Hottel.^f 

t See Selected References at the end of the next chapter. 
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It is sometimes convenient to describe radiation heat transfer by an equation 
similar to Eq. (19-2) for convection: 

= KA(T, - Tr) (19-4) 

where K is an equivalent surface coefficient for radiation, similar in form to the con¬ 
vection coefficient. From Eqs. (19-3) and (19-4), hr may be expressed as 


hr 


Ti - T2 


(19-5) 


If the evacuated enclosure were filled with air, the heat transfer from the rod would 
be the sum of convection [Eq. (19-2)] and radiation [Eq. (19-3)]. If air temperature 



Fig. 19-1. Heat transfer and fluid flow about a body traveling at hypersonic sp>eed. 

and enclosure surface temperature were equal, the energy loss from the rod by con¬ 
vection and radiation might conveniently be expressed as 

Q ^ {he -h hr) A At = hA At (19-6) 

The term h (equal to he + K) is the combined surface coefficient for heat transfer by 
convection and radiation. 

Usually, the transfer of heat occurs by more than one mode. Consider 
the energy transfers for the nose cone of a rocket moving through the 
atmosphere, as shown in Fig. 19-1. (For simplification. Fig. 19-1 shows 
air velocities relative to the nose cone.) In the detached shock wave 
which precedes the hypersonic rocket, the air is suddenly compressed to 
high temperature and pressure and is partially dissociated and ionized. 
In the region behind the shock wave, heat is transmitted to the nose 
cone by convection and radiation from the hot gas. Friction between 
the gas layers in the boundary layer {aerodynamic heating) provides 
another source of heat, while recombination of the dissociated and 
ionized gases results in an energy release and thus provides still another 
heat source. Finally, a portion of the energy from the various sources is 
conducted into the nose cone while the remainder is radiated from the 
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surface to the surroundings. Detailed knowledge of the several heat 
transfers is of great importance, for the energy accumulated in the nose 
cone may be suflScient to destroy it by melting or subliming. A certain 
amount of surface melting or subliming may be desirable (ablation 
cooling) because the change of phase process absorbs large amounts of 
energy, t 

19-2. Thermal Conductivity. The thermal conductivity kj introduced 
in Eq. (19-1), is a property dependent upon the physical and chemical 
nature of the material, its temperature, and its pressure. Typical 
engineering units for k may be developed by rearranging Eq. (19-1) as 
follows: 

A(dt/dx) 

When consulting tabulated values of thermal conductivity, it is wise 
to note carefully the units specified for k. Frequently, the units are 
as given above, but occasionally the thermal conductivity is specified as 
Btu in./(hr)(ft*)(®F), which, of course, is equally proper. 

Because conduction may be visualized as a transfer of energy from 
particle to particle in a body, it can be surmised that solids with their 
closely packed atoms should have the greatest values of thermal con¬ 
ductivity; gases with their widely separated molecules, the smallest 
values; and liquids, intermediate values. Figure 19-2 confirms these 
general trends. Values of k for certain solids and fluids are tabulated in 
Table B-12. For many materials, the dependence of thermal conduc¬ 
tivity on temperature may be expressed as 

k = A:o(l + at) (19-7) 

In Eq. (19-7), k is the thermal conductivity at temperature ty ko is the 
thermal conductivity at t = 0, and a is a constant adjusted to best fit 
data as in Table B-12. 

19-3. Further Remarks on Thermal Conductivity. Although values 
of k are of great utility for engineering calculations, thermal conductivity 
is a gross or macroscopic concept which gives little insight into the exact 
mechanism of heat conduction. To understand the conduction mech¬ 
anism and to predict the values of k for substances, knowledge of the 
microscopic structure of the substance must be sought. Once a reason- 

t For a general discussion, see John W. Bond, Jr., Problems of Aerophysics in the 
Hypersonic Region, Aero Digest^ 72 : 21-26 (June, 1956). For recommendations for 
calculating heat transfer, see Lester Lees, Laminar Heat Transfer over Blunt-nosed 
Bodies at Hypersonic Flight Speeds, Jel Propuleion, 26 : 269-269 (April, 1956). 
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able approximation to the structure is established, the key to understand¬ 
ing conduction is the identification and study of the microscopic carrier 
responsible for the energy transport. 

In gases, the carrier is simply the gas molecule. By the most elementary kinetic 
theory, the gas molecule is postulated to be a minute, hard-shell sphere which under¬ 
goes elastic collisions with other, similar molecules. When energy is added to the gas, 
the translational velocity, and hence the kinetic energy of the molecule, increases. 
The temperature of the gas is simply a measure of the average kinetic energy of its 
molecules. Heat is conducted through the gas by the energy transfers which occur 
when molecules of higher kinetic energy collide with those of lower energy. Consider¬ 
ing this simple model of the molecule to be the carrier, the following expression has 
been found for thermal conductivity: 


k ^ fiCv 

Although numerical values predicted by this equation do not agree well with those 
found by experiment, it is of interest because it shows that k, a transport property, is 
related to the product of another transport property, fi, the coefficient of viscosity, and 
an equilibrium proi>erty, c®. Furthermore, the equation correctly predicts that k 
increases with temperature (/* increases with temperature) and that k is independent of 
pressure (true over a range of low and moderate pressures). 

It is known that a weak attraction force exists between widely separated molecules 
and a strong repulsion force exists between closely spaced molecules. Such forces 
influence the collision and energy-transfer processes, and thus the simple-kinetic- 
theory result can be improved by including the attraction-repulsion effect. How¬ 
ever, no exact mathematical description of these forces is known; so recourse must 
be had to empirical formulations. By one of the means of approximating the forces 
between molecules 

k *= 2.5tiCv 

The conductivity values predicted by this equation are in good agreement with 
those found experimentally for the monatomic gases, such as argon, helium, and neon, 
at low pressure. 

The use of kinetic-theory concepts to predict conductivity values for polyatomic 
gases such as oxygen, nitrogen, the hydrocarbons, etc., has not been so successful. 
In these gases, the molecule can accept and give up energy by changes in translational, 
rotational, and vibrational motions; therefore, the energy-transfer process during 
collision is not so well understood as for the monatomic gas. Prediction is also 
difficult for gas mixtures or dissociating gases because of the problem of determining 
the energy transfer during the collision of different kinds of molecules. Large errors 
may be encountered if one attempts to calculate k for a mixture of two or more gases 
by simply taking the mole fraction of one component times its k value plus the mole 
fraction of a second component times its k value plus the same procedure for the 
remaining components. For example, Lindsay and Bromley t quote experimental 
results for an ammonia-air mixture at 176®F as follows: pure ammonia, k * 0.01742; 
pure air, k » 0.01659; mixture of 0.41 mole fraction ammonia, k « 0.01824.J The 
simple linear mixing law yields an incorrect value of 0.01693 for the k of the mixture. 

t A. L. Lindsay and L. A. Bromley, Thermal Conductivity of Gas Mixtures, Ind, 
Eng, Chem,y 42 : 1508-1509 (August, 1950). 

t If units are not specified for k, they may be assumed to be Btu/(hr)(ft)(®F). 
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For pressures up to about one-third of the critical pressure of a gas, k increases with 
pressure, but the increase in k from atmospheric pressure to one-third of the critical 
pressure is less than 10 per cent for most gases. At pressures greater than one-half 
of the critical pressure, k changes rapidly with pressure, usually increasing with an 
increase in pressure. Reid and Sherwood* cite generalized correlations showing the 
effects of temperature and pressure on k which are similar in form to the generalized 
compressibility chart. 

For solids having an ordered, crystalline sort of structure, t as, for example, copper, 
iron, quartz crystal, diamond, and ice, two carriers for the transport of energy have 
been identified, t The two carriers are free electrons, which diffuse and thus trans¬ 
port energy through the substance, and vibrations of the crystal lattice, which cause 
energy transfer from atom to atom. 

The large values of k for the good electrical conductors (pure metals; Fig. 19-2) 
stem from the availability of many free-electron carriers. The abundance of free 
electrons also accounts for the large values of electrical conductivity, and a direct 
proportion exists between the two conductivities of pure metals. Analysis shows 
that the energy transport by lattice vibrations contributes less than 1 per cent of the 
total heat conduction through these substances. Even a small amount of impurity 
in the metal impedes the mobility of the free electrons and markedly decreases k. 
For example, for nickel of 99.9 per cent purity at 212®F, k * 48, and for nickel of 
99.2 per cent purity at 212°F, k — 37. Alloying of metals produces a similar effect, 
as shown by brass and constantan (Fig. 19-2). 

Crystalline solids which are poor conductors of electricity have few free-electron 
carriers and exhibit much smaller values of k than the good electrical conductors. 
Among such substances are quartz crystal, diamond, and ice. It is postulated that 
vibrations of the crystal lattice constitute the carrier for heat conduction in these 
solids. For purposes of visualization, it can be considered that the crystal lattice 
is similar to a three-dimensional mattress with the atoms connected by springs. The 
addition of energy causes the lattice to shiver, thus displacing the atoms from their 
normal position and transferring energy from one lattice to another. For these solids, 
as well as for the good electrical conductors, k tends to decrease with incresise in 
temperature. When lattice vibration is the predominant means of conduction, the 
value of k depends upon the direction of conduction relative to the crystal orientation. 
For quartz crystal, k parallel to the crystal axis is about two times that perpendicular 
to the axis. Once again, impurities or lattice defects hinder the energy-transport 
mechanism. 

Noncrystalline (amorphous or glassy) solids are of random structure and have 
neither free-electron nor lattice-vibration carriers. Hence thermal-conductivity 
values for these substances are less than those for crystalline substances, as shown 
by the comparison of quartz crystal and quartz glass in Fig. 19-2. Also, k tends to 
increase with temperature increases for these substances. Some refractories seem to 
exhibit the characteristics of both crystalline and amorphous substances. 

The thermal conductivity of organic liquids is of the order of 0.1, while water is 
several times higher (Fig. 19-2). The effect of pressure on these values is practically 
insignificant. The structure of liquids is not so well understood as that of gases or 
solids. Hence the carrier responsible for energy transport has not been clearly iden- 

t A crystal may be crudely pictured as a symmetrical group of atoms which are 
bound together by electrostatic forces. 

t See C. Kittel, “Introduction to Solid State Physics,” 2d ed., John Wiley & 
Sons, Inc., New York, 1956, for a more complete discussion. 
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tified and prediction of k for liquids is inexact. Modern theories indicate that near 
the boiling point, liquids have a structure similar to gases, while near the freezing 
point, liquids have a structure similar to either (depending upon the liquid) crystal¬ 
line or amorphous solids. The large k values of the liquid metals stem from the free- 
electron carriers in these liquids. 

In the field of heat insulation, the basic requirement is a material with small thermal 
conductivity. This end point is accomplished with porous, fibrous, or laminated 
materials of low density, because then the heat must be transferred across and around 
many air spaces. If these pores are small, convection will be reduced, and the heat 
will be transferred almost entirely by conduction through the gas and radiation across 
the pores. The given k value for such materials includes all of these modes. Because 
the conductivity of gases is low, porous materials are good insulators and are often 
judged on the basis of their densities (note diatomaceous earth; Fig. 19-2). 

For low-temperature insulation such as that for refrigeration systems, hair, felt, 
and cork are extensively used; for medium temperatures, say 200°F, corrugated 
asbestos paper is frequently used because of its low cost; and to insulate buildings, 
cork, rock wool, or glass wool may be applied, f At somewhat higher temperatures, 
say 500°F, a mixture of 85 per cent magnesia and 15 per cent asbestos is popular. 
For temperatures greater than 600°F, diatomaceous earth or asbestos may be sup¬ 
plied. The conductivities of all these materials are in the range of 0.025 to 0.05 Btu/ 
(hr)(ft)(°F) and invariably increase with temperature. 

19-4, Steady-state Heat Conduction. As previously defined, conduc¬ 
tion is referred to as steady-state if the heat-transfer rate and the temper¬ 
ature do not vary with time. If, in addition, the conduction occurs 
through a homogeneous medium in one coordinate direction only (as, for 
example, the x direction), Eq. (19-1) is written as 

(5 . -M I (19.8) 

By rearranging and integrating Eq. (19-8) from a coordinate position Xi 
with corresponding temperature ti to a coordinate position X 2 at temper¬ 
ature < 2 , 


^ - J’’ kdt = j‘'kdt (19-9) 

Note that for the steady state, Q, a constant, need not appear under the 
integral sign. Equation (19-9) can be integrated if: 

1. The manner in which k varies with t is known [as in Eq. (19-7) 
for some materials] 

2. A known relationship exists between the coordinate in the direction 
of heat flow, x, and the area perpendicular to heat flow, A 

Consider first the evaluation of the integral on the right-hand side 

t These materials are often used with aluminum foil (or other reflective materials) 
to minimize radiation and to prevent vapor transmission. 
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of Eq. (19-9). Let k vary with ty as shown in Fig. 19-3. From this 
figure, it is seen that, for the given temperature range, a mean thermal 
conductivity km may be defined: 

km^-, -r / kdt (19-10) 

**” h Jtt 

Thus, by Eqs. (19-9) and (19-10), 

Q ^ ^ k^ih - k) (19-11) 

If the variation of thermal conductivity with temperature is linear, 
as in Eq. (19-7), km may be found simply by determining k at the arith¬ 
metic mean temperature. In other cases, the integration specified in 
Eq. (19-10) can be performed analytically or graphically. 



Fig. 19-3. Definition of km. 


/ " 

Fig. 19-4. Heat conduction through a 
plane wall. 



The left-hand side of Eq. (19-11) can be simply evaluated for three 
cases of unidirectional steady-state conduction in homogeneous bodies, 
a. The Plane Wall, Consider a plane wall oriented in x, y, and z 
coordinates, as shown in Fig. 19-4. For heat to be conducted only in the 
X direction, the wall dimensions in the y and z directions must be large 
compared with the wall thickness or the faces of the wall in these directions 
must be perfectly insulated. Of course, if there is no conduction in the 
y and z directions, there will be no temperature gradient in these direc¬ 
tions. Thus the surfaces at X\ and x% will be isothermal at temperatures 
t\ and ^ 2 * 

Referring to Eq. (19-11), the area perpendicular to heat flow is an area 
parallel to the yz plane. As this area does not vary with x, integration 
of Eq. (19-11) leads to 


■j (^2 - xi) = k„(ti — it) 


and 


Q = 


k„A(ti — h) 


X2 — Xi 


(19-12) 
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If k is assumed constant, the variation of temperature in the wall with 
X may be determined by writing Eq. (19-12) between Xi and any plane 
in the body at x where the temperature is L 


^ ^ kn,A(ti — t) 
X — Xi 


(a) 


But for the steady state, the values of Q in Eqs. (19-12) and (a) are 
identical. Thus these equations may be set equal to each other: 


kmAjh - ^2) _ kn^ Ajh - t) 

X2 — Xi X — Xi 

Solving for the temperature distribution 

{tl “ t2){x - Xi) 


t = h 


X2 - .Tl 


(19-13) 


(19-14) 


If the thermal conductivity varies with temperature to the extent that 
the value of k^ between h and t 2 differs significantly from that between 

and /, this factor must be taken into account in the development of an 
equation for the temperature distribution. 

It should be noted that t\ and U are surface temperatures of the wall. To maintain 
the steady state, the wall must be continually interchanging heat with its surroundings 
by convection and radiation. As will be explained, the nature of the convection 
phenomena is such that a temperature measured a few tenths of an inch from the wall 
surface would probably have a value much different from that of the surface. To 
obtain a true value of surface temperature, a small temperature-sensing element (such 
as a thermocouple) must be placed in the surface. 

h. The Hollow Cylinder (Pipe), Consider a hollow cylinder of length L 
oriented in cylindrical coordinates, as shown in Fig. 19-5. Assume that 

the inner and outer surfaces are iso¬ 
thermal so that conduction in both 
the d and z directions is negligible. 
The problem then is simply the 
transfer of heat radially through the 
pipe walls between ri at tempera¬ 
ture tl and r 2 at temperature ( 2 . 
Note that, if this problem were con¬ 
sidered in rectangular coordinates, 
conduction would not be unidirec¬ 
tional since energy would be transmitted in both the x and y directions. 

Modifying Eq. (19-11) for this situation gives 



Fig. 19-6. Heat conduction through the 
walls of a cylinder. 
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Here the area perpendicular to conduction, A, is 27rrL, a function of the 
direction r of the heat transfer. Upon performing the integration and 
rearranging, 


In (rz/ri) 


(19-15) 


By the method outlined in Eqs. (19-13) and (19-14), the tempera¬ 
ture distribution in the cylinder wail (assuming constant thermal con¬ 
ductivity) is found to be 


(ti — h) In (r/ri) 
In (ri/ri) 


(19-16) 


c. The Hollow Sphere. The case of a hollow sphere with isothermal 
inner and outer surfaces is treated in the same manner as in (6). Con¬ 
sidering a spherical coordinate system, let ri be the inner radius of the 
sphere at surface temperature h and let be the outer radius at < 2 . 
For the steady state. 


^ - ^2) 

1/ri - l/r 2 


(19-17) 


Experimental determination of the thermal conductivity of a material normally 
involves the use of Eqs. (19-12), (19-15), or (19-17). A symmetrical model is made 
from the material to be tested, and the heat conducted, geometrical dimensions, and 
surface temperatures are carefully measured. The appropriate equation is then 
solved for k. Note that this method yields a mean value of k (km) for the particular 
range of surface temperatures of the experiment, whereas a value of A: at a particular 
temperature is desired. To more nearly approach this, small temperature differences 
are employed, and the resulting heat flows are not large. Thus great precision in 
temperature measurement and calorimetry is required if accurate results are to be 
obtained. For model shapes similar to the plane wall or the hollow cylinder, care 
must be taken to account for the heat loss from the sides or ends. In measuring k for 
liquids or gases, temperature differences must be small and fluid layers thin if convec¬ 
tion effects are to be minimized. 

Example 1. The thermal conductivity of a material is to be determined by fabri¬ 
cating the material into the shape of a hollow sphere, placing an electric heater at the 
center, and measuring the surface temperatures with thermocouples when steady state 
has been reached. 

Experimental data: ri « 1.12 in., r 2 = 3.06 in.; for an electrical energy input at the 
rate of 11.1 watts to the heater, h — 203°F and <2 = 184°F. 

Determine (a) the experimental value of thermal conductivity and (6) the tempera¬ 
ture at a point halfway through the sphere wall. 

Solution, (a) Solving Eq. (19-17) for km, 

t. . 12/3^06) . , „ ^../MCWCF) An.. 

(b) Let fj * 2.09 in. and note that for steady state, Q remains equal to U.l watts. 
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Solving Eq. (19-17) for i\ — h, 


Thus 


(11.1)(3 413)(12/1.12 - 12/2.09) 
(4x)(1.08) 

h = 203 - 13.8 = 189.2°F Ans. 


The result for is only approximate, for if A; is a function of temperature, then the 
experimentally determined km is strictly applicable only in the temperature range 
ti to t 2 . Note that the rate of heat flow through the sphere walls was assumed equal 
to the electrical energy input to the heater. For the spherical arrangement, this may 
be essentially true because heat losses through heater and thermocouple leads can be 
made small. For this reason, the spherical test apparatus is desirable, but difficulties 
in fabrication and the time required for steady-state conditions frequently preclude 
its use. 


19-6. The Electrical Analogy and Conduction through Composite 
Bodies. Consider that temperature is the potential that causes a heat 
transfer. This concept gives rise to. an analogy between the transfer of 
heat and the transmission of electricity as expressed by Ohm’s law. Thus 
current (heat transfer) is governed by the potential difference of voltage 
(temperature) and the electrical (thermal) resistance of the circuit. 


Current = 
Heat flow = 


potential difference 
electrical resistance 
potential difference 
thermal resistance 


Denoting Rt as the thermal resistance to heat flow^ 



(19-18) 


Thus, for conduction through the shapes considered in 
section, 

the previous 

Rt for a plane wall = - j-- 

rCm-A. 

(a) 

Rt for a hollow cylinder = 

Ztt tc 

ib) 

Rt for a hollow sphere = (-— — | \ 

\ri Ti/ 47rfc„ 

(c) 

In addition, for heat transfer from a surface by convection and radiation, 

Rt for convection and radiation = ^ 

hA 

(d) 


The electrical analogy may be conveniently applied in the determina¬ 
tion of steady-state unidirectional conduction through a composite body 



FUNDAMENTALS OF HEAT TRANSFER 


383 


with surface temperature h and h, as shown in 
Fig. 19-6. The equivalent thermal circuit for 
the composite wall is shown at the top of the 
figure. Note that heat is conducted in a 
series path, and therefore the total resistance 
to flow equals the sum of the individual 
resistances: 


XRt — Rti2 4 “ Rt2z 


X 2 — X i Xz — X 2 
km 2 Z-^ 


(19-19) 


Thus the heat transferred through the wall 
will be equal to 


Q = (19-20) 


0 —--VvW^-WvV- 

t ] /?^,2 ^2 ^3 



Fig. 19-6. A composite plane 
wall and equivalent thermal 
circuit. 


The temperature at the interface, ^ 2 , may be found by noting that 
the energy conducted from Xi to X 2 is equal to that conducted from X 2 
to X 3 : 


Solving, 


<3 = 


h = 


ti — ^2 _ ^2 ~ tz 

Rt\2 Rt2Z 
Rtnlz + Rnzti 
^Rt 


(19-21) 


Example 2a. Calculate the heat loss from an insulated (8 in. nominal diameter) 
pipe 100 ft. in length and covered with a composite insulation of two different mate¬ 
rials. Other data: 

Inside surface temperature of pipe, h — 625°F 

k ,2 = 25 Btu/(hr)(ft)(°F) ktz = 0.05 Btu/(hr)(ft)(°F) 

A -34 = 0.04 Btu/(hr)(ft)(°F) 

Outside surface temperature of insulation, U * 125°F 

ri = 4.035 in. r 2 = 4.312 in. rs = 5.312 in. = 6.812 in. 


Solution. The resistance to heat transfer is (refer to Fig. 19-6) 

1 rin (4.312/4.035) In (5.312/4.312) In (6.812/5.312) 
'“(2r)100L 25 0.05 0.04 

SR, - (0.0027 -I- 4.17 -I- 6.18) « 0.0165 hr “F/Btu 


The heat loss equals 

- '-W - n^oT# - 30,300 Btu/hr .In*. 

Observe that the pipe wall, since it is metal, does not contribute much to the total 
thermal resistance. It is well to note that this method ignores the contact resistance 
(a minute air space, for example) that may exist at the two interfaces. 
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Example 2b. If the combined surface coefficient for heat transfer by convection 
and radiation from the insulated pipe surface to surrounding fluid and surfaces is 
equal to 1.7 Btu/(hr)(ft*)(®F), (d) sketch the equivalent thermal circuit for the heat 
flow from the inside surface of the pipe to the surrounding fluid and surfaces and (6) 
compute the temperature of the surrounding fluid and surfaces. 



Fig. 19-7. Example 2b, equivalent thermal circuit. 


Solviion. (a) Denote the surrounding fluid as 5 and the surrounding surfaces as 6, 
both at temperature <o. The equivalent circuit is shown in Fig. 19-7. Note the 
parallel path of the heat transfer by convection and radiation at the surface. 

( 6 ) 

0 * 30,300 Btu/hr * Qradi.tion + Oconvection — hAi{t4 — to) 


(30,300) (12) 
(1.7)(2ir)(6.812)(100) 


50°F 


Thus 


to « 125 - 50 « 75°F Ans. 


19-6. Convection. To better understand the combined fluid-dynamic 
and heat-transfer phenomenon known as convection, consider Fig. 19-8, 
which shows a fluid moving past a stationary wall. A common but 
complex engineering problem involves determining the heat transfer 
by convection between wall and fluid. 



Fig. 19-8. Velocity and temperature distribution for the flow of a fluid parallel to a 
solid surface. 
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The bulk of the fluid at y greater than B (Fig. 19-8) is little influenced 
by the wall and is in turbulent motion (see Art. A-3). Although the veloc¬ 
ity of a particular element of fluid in turbulent motion may, at a given 
time, be of any magnitude and direction, the net flow is parallel to the 
wall at an average or mainstream velocity V. 

The particles of fluid in intimate contact with the wall tend to adhere 
to the wall and to have the wall velocity (zero in Fig. 19-8). Because 
of viscosity, those fluid particles near the stationary particles have a 
velocity only slightly greater than zero. These particles in turn cause 
a viscous drag on their neighbors, and so on, such that a thin layer of 
fluid near the wall (denoted as region 0-A in Fig. 19-8) is moving at a 
velocity substantially less than the mainstream velocity. Region 0-A 
is called the laminar sublayer^ a thin layer of fluid in a state of well-ordered 
(laminar) motion. 

In the laminar sublayer, the viscous force (drag) per unit area between adjacent 
fluid layers is 



Equation (19-22a), known as Newton’s viscosity law, declares that F/A is proportional 
to the velocity gradient in the y direction. All gases and the usual liquids obey this 
relationship and arc classed as Newtonian fluids (Fig. 1-2). 

The viscous drag at the solid surface normally represents a major portion of the 
pressure loss encountered in pumping fluids. Postulating that a sublayer in laminar 
motion exists next to the solid, the surface drag (also referred to as skin friction) can 
be expressed as 

F = -m/A ~) ^ (19-226) 

where {dV is the velocity gradient at the solid surface. 

So that a useful analogy may be established between energy transport (by conduc¬ 
tion only in region 0~A) and momentum transport (by viscous drag only in region 
0-A), Eq. (19-22a) will be interpreted in a different manner.t Considering Fig. 
19-8 again, note that the layer of fluid near A has a certain velocity and hence momen¬ 
tum (mass times velocity) in the x direction. Now it can be assumed that this layer 
of fluid imparts or transports some of its momentum to its adjacent layer in region 
0-A, thus keeping this layer in motion but at a smaller velocity. By such means it is 
imagined that x-direction momentum is transported through the laminar sublayer 
from fluid of high velocity at A to fluid of low velocity near 0. Thus velocity may be 
considered the driving force for momentum transport just as temperature is the 
driving force for energy (heat) transport. Furthermore, by Newton’s second law of 
motion, the F/A term in Eq. (19-22a) is proportional to l/A multiplied by the time 
derivative of momentum, that is, the rate of momentum transport per unit area. 
Thus, by Eq. (19-22a), the momentum-transport rate is proportional to a velocity 
gradient in the same fashion that Eq. (19-1), Fourier’s equation, declares that the 
energy-transport rate (conduction) is proportional to a temperature gradient. So it is 

t The development of the momentum-transport concept follows that of Bird, 
Stewart, and Lightfoot.* 
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permissible and convenient to adopt the viewpoint that in the laminar sublayer 
viscous drag between adjacent fluid particles results in a momentum transport. 

At y equal to A in Fig. 19-8, the velocity of the fluid has increased 
to a value such that there is a tendency for the flow to become turbu¬ 
lent. In region A-B, this tendency becomes more pronounced until, at B, 
the flow is highly turbulent and the mainstream velocity has been almost 
attained. In region A-B, momentum transport occurs partially by 
viscous drag and increasingly by transverse movements {y direction) 
of fluid elements from regions of small (or large) velocity to regions of 
large (or small) velocity. In the mainstream region {y greater than jB), 
the momentum transport is predominantly caused by transverse move¬ 
ments of fluid elements. 

The entire region 0-B is called the hydrodynamic {velocity) boundary 
layer^ that is, a region where the fluid velocity differs from the main¬ 
stream velocity, t The thickness of the boundary layer is arbitrarily 
defined; one common definition is that the boundary layer extends from 
the wall to a place where the local velocity is 99 per cent of the main¬ 
stream velocity, t The concept of the boundary layer and its sub¬ 
divisions is expedient from the standpoints of visualization and idealiza¬ 
tion to permit mathematical analysis. However, it should be recognized 
that the locations of these layers are not sharply defined, for in reality the 
transition from laminar to turbulent flow is continuous. Furthermore, 
flow-visualization studies show that swirls in the fluid cause the location 
of these layers to vary with time. 

Though usually thin, the boundary-layer region 0-B in Fig. 19-8 can be of sufficient 
thickness to permit accurate measurement of velocity profiles. By such means, the 
existence of such a layer has been established beyond doubt. Region 0-A, the 
laminar sublayer, must be extremely thin, and conclusive experimental evidence of its 
existence has not been presented. Some authorities even doubt that it exists. § 
Knudsen and Katz^ cite the following order of magnitude values for the thickness of 
the laminar sublayer for isothermal flow through a pipe: Reynolds number of 10,000, 
sublayer thickness one-hundredth of pipe diameter; Reynolds number of 1,000,000, 
sublayer thickness of one ten-thousandth of pipe diameter. These values are not 

t In some cases, laminar flow may prevail throughout the entire boundary layer, 
as for flow parallel to a flat plate where the Reynolds number based on free-stream 
velocity and plate length is less than 80,000, or for flow through a circular pipe with 
Reynolds number less than 2,100. In the latter case, the entire pipe flow may be 
classed as a laminar boundary-layer type. 

t Another concept of boundary-layer size is the displacement thickness, the distance 
the mainstream flow is shifted in the y direction because of the presence of the bound¬ 
ary layer. 

§ See Benjamin Miller, The Laminar Film Hypothesis, Trans. ASME, 71: 367-367 
(May, 1949), and for another viewpoint, consult R. G. Deissler, Investigation of 
Adiabatic Turbulent Flow in Smooth Tubes, NACA TN 2138, July, 1960. 
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experimentally determined but are thicknesses calculated from a postulated velocity 
distribution which has given results for skin friction and heat transfer in good agree¬ 
ment with experimental values. 

As in the case of the velocity field, it is expedient to consider the 
thermal boundary layer^ a region of fluid near the wall where the fluid 
temperature differs from the mainstream temperature. From the tem¬ 
perature distribution shown in Fig. 19-8 one could somewhat arbitrarily 
claim that the thermal boundary layer extended from 0 to B.f In 
region 0-A, little mixing of the fluid occurs and the heat transfer is 
primarily by conduction between neighboring layers of fluid. Many 
fluids, particularly gases, are poor conductors of heat; thus there is a 
large temperature gradient and large resistance to heat transfer in this 
region. In transition region A-B, heat is transferred both by conduction 
and by mixing induced by the turbulent motion. Mixing predominates 
in the mainstream region, and the temperature gradient is small. 

Note the similarity between the momentum transport in the hydrodynamic bound¬ 
ary layer and the energy transport in the thermal boundary layer. In the laminar 
sublayer, momentum (energy) is transported by viscous drag (heat conduction) 
between adjacent layers of fluid. In the transition layer, some transport of momen¬ 
tum (energy) occurs by this mechanism, but increasingly, in proceeding from A to B, 
momentum (energy) is transported by transverse movements and mixing of elements 
of fluid of differing velocities (temperatures). However, in the mainstream region, 
almost all of the momentum (energy) transport occurs by the mixing process. Jakob* 
and Schlichting* should be consulted for a much more comprehensive treatment of 
boundary layers. 

The heat transfer at the surface may be expressed by Fouriercon¬ 
duction equation: 

Q = -kfA (19-23o) 

oy/v~o 

In Eq. (19-23a), k/ is the thermal conductivity of the fluid and (dt/dy)y^o 
is the temperature gradient in the fluid at the wall.t But, from Newton's 

t Figure 19-8 shows the hydrodynamic and thermal boundary layers to be of the 
same thickness, as is approximately the case for gases. For nonmetallic liquids, it is 
found that the thermal boundary layer is much thinner than the hydrodynamic 
boundary layer, while for liquid metals, the thermal layer is much thicker than the 
hydrodynamic layer. 

X Fourier’s equation may be applied to the wall at its surface; 

-k.A ^ (19-235) 

oy/yO 

Here k, is the thermal conductivity of the wall and (dl/dy)y^o is the temperature gra¬ 
dient in the wall at the interface between wall and fluid. The heat flow given by Eq. 
(19-235) represents the total heat transfer from the surface (both convection and 
radiation), whereas Eq. (19-23a) expresses the heat transfer to the fluid only. The 
two temperature gradients are normally not equal (see Fig. 19-8). 
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equation defining the convection coefficient, 


Q s h^A At 


By Eqs. (19-23a) and (19-2), 


Ac 


-fc/ dt\ 

At d2//y-0 


(19-2) 


(19-24) 


Thus, if an expression for the fluid temperature distribution in the 
neighborhood of the wall can be found, the convection coefficient can be 
evaluated by Eq. (19-24). 

Suppose that, while maintaining constant surface and mainstream temperatures, 
an increase in the convection coefficient were desired. One means of attaining it 
would be to increase the mainstream velocity and thus decrease the thickness of the 
laminar sublayer. Note that in this region the heat is transferred primarily by con¬ 
duction and the resistance to heat flow is great; therefore, a decrease in the thickness 
of the laminar sublayer increases the convection coefficient. From Eq. (19-24), it 
can be seen that this increase in K would be accompanied by an increase in the tem¬ 
perature gradient at the surface. 

But how would the increase in mainstream velocity influence the viscous drag at the 
wall surface? Evidently the velocity gradient at the surface would increase as the 
laminar sublayer thickness decreases. Thus, by Eq. (19-226), the viscous drag, and 
consequently the pressure loss, would increase. So it is concluded that an increase 
in the mainstream velocity is beneficial from the standpoint of heat transfer but is 
detrimental from the standpoint of pressure loss, t Therefore, the mainstream velocity 
is normally selected so as to strike an economic compromise between pressure loss 
(pumping costs) and convection coefficient (heat-exchange surface area required). 
Another means for increasing he would be to roughen the wall surface, for this induces 
additional mixing in the boundary layer and thus aids conduction heat transfer. 
However, once again, drag will also increase. 

In Fig. 19-8, it is assumed that the fluid in intimate contact with the wall 
has the velocity and temperature of the wall surface. Such an assump¬ 
tion is valid only as long as the fluid behaves as a continuum; that is, 
collisions of the molecules are so frequent that the fluid may be treated 
as a whole without considering the motion of each individual molecule. 
Values of the ratio of the mean free path (X, average distance traveled 
by a molecule between collisions) to a characteristic surface length 
(L, length of flat plate, diameter of sphere, etc.) serve to indicate the 

t O. A. Reynolds (1874) first declared that a direct proportionality exists between 
the viscous drag and convection heat transfer taking place between a surface and 
flowing fluid. In his honor, this generality is known as the Reynolds analogy. In 
many instances, experimentation to determine viscous drag is much simpler than 
experimental measurement of convection heat transfer. Thus, the concept of 
Reynolds analogy has been extensively applied to predict convection coefficients. 
Problem 28 further illustrates the use of this concept. Giedt’ considers this analogy 
in greater detail. 
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validity of assuming continuum flow. This dimensionless ratio is 
called the Knudsen number. As a fluid becomes more rarefied (less 
dense), X increases. In air at 68®F and atmospheric pressure, X equals 
2.5 X 10“® in. and there are 4.3 X 10^® molecules per cubic inch. At an 
altitude of 90 miles in the earth’s atmosphere X equals 10 ft although 
there are 10^* molecules per cubic inch. 

Based upon the Knudsen number (Kn * X/L), the following approximate regimes 
of flow have been specified:! Kn < 0.01, continuum flow; Kn « 0.01 to 10, slip flow; 
Kn > 10, free-molecule flow. For free-molecule flow, collisions are so rare that no 
boundary layer exists, and the fluid must be treated on the basis of the behavior of its 
individual molecules. J Slip flow involves a combination of fluid behavior associated 
with the other two regimes and is characterized by the fact that the velocity and 
temperature of the fluid at a surface are not those of the surface. 

19-7. Calculation of Convection Coefficients. The calculation of con¬ 
vection coefficients by theoretical means involves applying the following 
laws to an element of fluid in the system: 

1. Conservation of mass (continuity equation) 

2. Conservation of momentum (Newton’s equations of dynamics) 

3. Conservation of energy (First Law analysis) 

In addition, three other relationships are required:! 

4. An equation of state for the fluid 

5. An equation relating viscous forces to velocity gradients (Newton’s 
viscosity equation for Newtonian fluids) 

6. An equation relating heat conduction and temperature gradient 
(Fourier’s heat-conduction equation) 

In some cases, application of these six relationships has led to explicit 
formulas for the velocity and temperature distribution in the fluid. 
From these results, the viscous drag and convection coefficient can be 
evaluated by Eqs. (19-226) and (19-24), respectively. Because of a lack 
of knowledge concerning the exact mechanism of turbulent flow, theoretical 
approaches have been most successful when the entire flow is of the 
well-ordered laminar type. If 


t From H. Tsien, Superaerodynamics, Mechanics of Rarefied Gases, J. Aeronaut. 
Sci., 13 : 651^-664 (December, 1946). Considerable uncertainty still exists concern¬ 
ing the boundaries of these flow regimes. See Mac C. Adams and Ronald F. Prob- 
stein. On the Validity of Continuum Theory for'Satellite and Hypersonic Flight 
Problems at High Altitudes, Jet Propulsion^ 28 : 86-89 (February, 1958). 

t For methods of calculating heat transfer in this flow regime, see A. K. Oppenheim, 
Generalized Theory of Convection Heat Transfer in a Free-molecule Flow, J. Aeronaut. 
Set., 20 : 49-58 (January, 1953). 

§ Relationships 5 and 6 imply a Second Law analysis. 

If Jakob^ describes several of these analyses. 
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However, even for turbulent flow, these six relationships are of value 
because they indicate those parameters (fluid velocity, properties, surface 
geometry, for example) which influence the fluid flow and convection heat 
transfer. With the parameters pertinent to the situation known, the 
method of dimensional analysis in combination with experimentation 
(see Art. A-2) can be utilized to develop empirical formulas for the 
convection coefficient. 

When the method of dimensional analysis is applied to the variables 
present in problems of forced and free convection, certain dimensionless 
groups characteristically appear. Because of the frequency of appearance 
of these groups, names have been assigned that also serve to honor 
pioneer investigators in the field of heat transfer. A few of these groups 
are listed here. 


Name 

Symbol 

Dimensionless group 

Reynolds number. 

Re 

DVp 



Mni 

Nusselt number. 

Nu 

hciy 

Prandtl number. 

Pr 

k 

Grashof number. 

Gr 

DWgP A/ 



Mm* 

Rt,Anton niimbpr 

St 

he Nu 

llvlllllL/^1.. < . , • 

CpVp Re Pr 


Suppose that the convection coefficient of heat transfer he is to be 
determined for fluid flowing through a pipe and being either heated or 
cooled without change in phase. The first step in the solution is to select 
those variables which are believed to be pertinent (and these may best be 
found from the laws controlling the process, as pointed out previously). 

V = velocity of fluid, ft/hr 
D — diameter of pipe, ft 
p = density of fluid, Ibm/ft* 

M = viscosity of fluid, lbm/{ft)(hr) or lb/ hr/ft^ 
k = thermal conductivity of fluid, Btu/(hr)(ft)(®F) 
c, = Btu/(lb,„)("F) 

and the unknown variable is 


he = convection coefficient, Btu/(hr)(ft2)(®F) 








FUNDAMENTALS OP HEAT TRANSFER 


391 


Inspection of these quantities shows that the unit conversion factor 
gc = 4.17 X 10« Ib^ ft/(lb/)(hr2) 

should be included because of the presence of four basic mechanical 
units: Ib^, lb/, hr, and ft. However, since the Btu unit has also been 
introduced, still another unit conversion factor, Joule^s equivalent, may 
be necessary: 

J = 778.16 ft lb//Btu 
Then it can be premised that 

he — J{y 

and, quite possibly. 


he = (constant) V^D^p^fi^k^Cp^Qc^J^ 


This equation is solved in the manner illustrated in Art. A-2, although sev¬ 
eral correct answers may be obtained, depending upon which exponents 
were chosen to remain unknown. (Of course, an answer can be converted 
from one form to another by substitution of dimensionally equivalent 
groups.) It may also be found that the unit conversion factors ge and J 
are superfluous. 

With a solution found from the dimensional analysis, the next step 
is to evaluate the constants and exponents that most probably will be 
necessary to portray the experimental data. But here a new difficulty 
arises: the temperature of the fluid may have a different value at each 
section of the heat exchanger and many of the variables will assume 
different values. Then an average temperature, say the arithmetic 
average between inlet and outlet of the exchanger, must be postulated 
for use in evaluating the many variables. Obviously, if different meth¬ 
ods are used for determining this average temperature, different constants 
and exponents will result if correlation can be found at all, and several 
solutions may be present in the literature. 

In many problems a characteristic length may be involved, and this 
length is designated in the various groups by the letter D. The char¬ 
acteristic length may be the equivalent {hydraulic) diameter^ which is 
defined as 




X 


cross-sectional area 
wetted perimeter 


(19-25a) 


For round pipes, completely filled, 


D. 


4(V4)I>* ^ J. 
tt D “ ^ 


(19-25&) 
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A double pipe exchanger contains a tube within a tube; one fluid flows 
in the annular space while the second fluid is in the center tube. The 
equivalent diameter for the annulus is 


^ _ 4(x/4)(D,* - ^ 

^- r{D, + D,) ■ - 

For ducts of square or rectangular section, 

4 i)iZ )2 2D1D2 


De = 


2Z)i -f" 2Z)2 H“ D 2 


(19-25c) 


(19-25d) 


The Prandtl number (Pr) can be calculated from the defining equation or, 
for perfect gases, from the semiempirical formula 


Pr = 


4 

9 - 5/(cp/cv) 


(19-26) 


The Grashof number contains the coefficient of thermal expansion /?, 
which is defined by 

And when RT/p is a valid substitution for Vy 


^ = 


T 


(19-276) 


It may also be found that the geometric arrangement influences the 
solution, an effect noticeable in flow through short tubes where conditions 
at the entrance and at the center of the tube are quite different and, also, 
when flow is laminar. Most geometric arrangements may be character¬ 
ized by the ratio L/D of two characteristic lengths. 

19-8. Summary of Formulas for Convection Coefficients, t A few of 
the many formulas that have been tested experimentally are listed in 
this section, t In most instances, the properties of the fluid are evaluated 
at the mean of the mixing-cup or bulk temperatures: 


t = 


^inlet 


+ t 
2 


outlet 


(19-28) 


t Mainly from McAdams,* except as otherwise specified. 

I No attempt has been made to compile a complete list of handy recipes for the 
calculation of convection coefficients. An effort has been made to select those 
expressions which are representative of the many available and thus to give the reader 
some insight into the problems of applying them. In the development of formulas to 
represent experimental data, differences of the order of plus or minus 20 per cent 
between experimental values and values predicted by the formulas have been con¬ 
sidered satisfactory. 
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The hulk temperature or (outlet) is the equilibrium temperature attained 
by a complete sample of the fluid at a cross section when it is perfectly 
mixed in an adiabatic container. For turbulent flow of most fluids in 
ducts, this temperature is very nearly equal to a fluid temperature 
measured near the duct axis. The surface temperature, if required, must 
be estimated in most instances. The mean film temperature is estimated 
by 


tf ^ 


(19-29a) 


where the mean surface temperature is 

^ («.inlet “b (e.outlei 

It — ^ 


(19-296) 


The effect of radiation is not included in these formulas. 

o. Heating and Cooling of Fluids in Turbulent Flow through Long Pipes 


Nu = 0.023 Re® ® Pr®' 
10,000 < Re < 120,000 0.7 < Pr < 120 


(19-30) 


D 


> 60 


REMARKS 

1. Physical properties are evaluated at mean bulk temperature I [Eq. (19-28)1. 

2. For gases such as air, the Pr is essentially constant and can be dropped by chang¬ 
ing the constant to 0.02 or, for cooling superheated steam without condensation, to 
0 . 021 . 

3. Not valid for extreme shapes such as thin rectangles. 

4. The equivalent diameter should be substituted for the characteristic length D 
[Eqs. (19-25a), (19-25c), (19-25d)]. 

5. For short tubes {L/D < 60) having sharp-edged entrances, it is recommended 
that he be calculated from Eq. (19-30) and then increased by multiplying by 1 -f 
{D/LY\ 

b. Heating and Cooling of Viscous Fluids in Laminar Flow in Round 
Pipes 

Nu = 1.86 ^Re Pr (^)° ^ (19-31) 

Re < 2,100 ^ ^ ^ M > 1 centipoise D = Dt 

REMARKS 

1. Physical properties evaluated at mean bulk temperature /, except which is 
evaluated at the mean surface temperature («. 

2. The term n/n, permits correlating heating and cooling data with one equation. 

3. At small flow rates, natural convection effects may predominate and a more 
complex relationship involving Re, Pr, and Gr may be required. 
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c. Heat Transfer to Fluids of Small Prandtl Numbers in Turbulent Flow 
through Pipes (Liquid Metals)^ 

Nu = 0.625(Re Pr)®-' (19-32) 

200 < Re Pr < 20,000 ^ > 100 


REMARKS 

1. Properties evaluated at mean bulk temperature t. 

2. Use equivalent diameter for characteristic length. 

3. Equation verified experimentally for liquid metals with Pr less than 0.03. 
d. Heating and Cooling of Fluids Flowing Normal to Tubes or Pipes 

Single tube, liquids 

Nu = 0.35 + 0 . 56 (Re)« ^2 (19-33) 

0.1 < Re < 200 

Single tube, gases 

Nu = [0.35 + 0 . 47 (Re)o *' 2 ] pj-o.a (19-34) 

0.1 < Re < 1,000 

Nu = 0.26 Re®« Pr® ^ (19-35) 

1,000 < Re < 50,000 

Single tube for air, approximately 

K = 0.026 ^41 (19-36) 

lOO'F < tf < SOO^F 1,000 < Re < 50,000 

Tube banks for gases and liquids J 

Nu = 0.244C Re®« Pr®(19-37) 

2,000 < Re < 50,000 ratio of tube pitch (minimum distance between 

adjacent tube centers) to tube diameter of 
1.25 to 3.0 


Number of rows (banks). 

1 

2 

4 

6 

8 

Staggered tubes, C. 

1.00 

1.11 

1.31 

1.45 

1.51 

In-line tubes, C . 

1.00 

1.10 

1.24 

1.34 

1.40 


REMARKS 

1. Physical properties are evaluated at the mean film temperature [Eq. (19-29a)] ex¬ 
cept in Eq. (19-37), in which they are evaluated at the bulk temperature [Eq. (19-28)]. 

t Bernard Lubarsky and Samuel J. Kaufman, Review of Experimental Investiga¬ 
tions of Liquid-metal Heat Transfer, NACA Tech. Note 3336, March, 1965. 

t Equation (19-37) proposed by Giedt.^ For a survey of more complex (and 
probably more accurate) relationships for tube banks, see McAdams.^ 
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2. The significant length D « Dot outside tube diameter. 

3. Data are for wires and pipes. 

4. Convection coefficients predicted by these equations are mean values for entire 
tube periphery. Larger local he values occur in the neighborhood of the stagnation 
point and the separation point. 

5. In Eq. (19-37), Re ?=* GDoltim, where <7 « pT is the mass velocity [lbm/(hr)(ft*)] 
passing through the smallest opening between tubes. 

e. Heating and Cooling of Fluids Flowing Parallel to an Isothermal Flat 
Platei 

Laminar (Re < 80,000 to 2,000,000) 

St^ = 0.332 Rex“" ^ Pr-o 
St = 0.664 Re-^ ^ Pr-o.6«7 

Turbulent (Re > 2,000,000) 

Stx = 0.0296 Re,-o * Pr-® 

St = 0.037 Re-0 2 pr-o eer 

BEMARKS 

1. Value of Reynolds number at which transition from laminar to turbulent flow 
occurs depends upon turbulence in free-stream fluid and plate roughness. Cooling 
stabilizes stream and tends to retard transition, while heating has the opposite effect. 
Re — 500,000 is frequently quoted as a representative transition value. 

2. Free-stream velocity is used in St and Re calculation, and all properties are 
evaluated at the film temperature. 

3. Characteristic length used in Eqs. (19-39) and (19-41) is the plate length, and 
these equations give an average value of he. Equations (19-38) and (19-40) give 
point or local values of the convection coefficient hex at characteristic length x, meas¬ 
ured from the leading edge of the plate. 

4. These equations have been found suitable for heat-transfer calculations at high 
subsonic and supersonic velocities if:§ 

t E. R. G. Eckert, Engineering Relations for Heat Transfer and Friction in High- 
velocity Laminar and Turbulent Boundary-layer Flow over Surfaces with Constant 
Pressure and Temperature, Trans. ASME, IS: 1273-1283 (August, 1956). Also see 
Eckert and Drake.* 

t Equation (19-38) was derived by Pohlhausen (1921) by theoretical means utilizing 
the six relationships discussed in Art. 19-7. See Jakob* for details of the solution. 
Equation (19-39) follows from Eq. (19-38), as shown in Prob. 26. Pohlhausen also 
showed that the boundary-layer thickness for this case is approximately 5.83x/(Rex)® 

§ At first thought, it seems obvious that the Mach number (the criterion for sub¬ 
sonic or supersonic flow) should be included in the dimensionless groupings to repre¬ 
sent heat transfer at high subsonic and supersonic velocities. However, the Mach 
number is mainly a function of fluid velocity and temperature, and it is included 
implicitly in the usual St, Re, Pr groupings. So it has been found possible to include 
the Mach-number effect by evaluating fluid properties at a more complex reference 
temperature, denoted here as t*. Because convection heat transfer is a boundary- 
layer phenomenon, convection is much more dependent on whether the boundary 
layer is laminar or turbulent (criterion is Re) than on whether the main-stream flow is 
subsonic or supersonic (criterion is M). 


(19-38t) 

(19-39) 


(19-40) 

(19-41) 
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a. 

as 


Aerodynamic heating effects are included by defining the convection coefficient 


h, 


t 


avo 



-f r 


_Z!_ 

2gcJcp 


(19-42) 

(19-43) 


The term tav> is the adiabatic wall temperature, that is, the temperature that would 
be attained by a perfectly insulated wall subjected to the stream. Free-stream static 
temperature and velocity are t and V, respectively, and r is a recovery factor. For 
laminar flow, 

r = (Pr)K. (19-44) 

For turbulent flow, 

r = (Pr)H (19-45) 

h. All properties are evaluated at a reference temperature /*: 

<* = i + 0.50(^. - 0 + 0.22(/a,i, - t) (19-46) 

/. Natural Convection from Vertical Planesy Vertical PipeSy and Hori¬ 
zontal Cylinders 

Vertical planes and vertical cylinders 



Nu = 0.59(Gr Pr)" 

10' < Gr Pr < 10’ 

(19-47) 

Horizontal cylinders 

Nu = O.lSCGrPr)”’’ 

10’ < Gr Pr < 10” 

(19-48) 

In air 

Nu = 0.53(Gr Pr)’ ’'‘ 

(19-49) 


= 0.27(1) 

10’ < Gr Pr < 10’ 

(19-50) 


REMARKS 

1. Physical properties evaluated at the mean film temperature tf and At ^ t, — t, 

2. In Eqs. (19-47) and (19-48), D = height from the lower edge of the plate or 
cylinder. 

3. D ^ Do in Eq. (19-49). 

4. In Eq. (19-50), Do in feet, At in °F gives he in Btu/(hr)(ft*)(®F). 

Example 3. Five hundred thousand pounds per hour of cooling water enters a 
steam condenser at a bulk temperature of 70°F, flows through the condenser inside 
of one hundred 1-in.-outside-diameter BWG No. 18 tubes arranged in parallel, with 
each tube 16 ft long, and leaves at a bulk temperature of 80°F. Steam condenses 
on the outer surface of each tube. Predict the coefficient for heat transfer by convec¬ 
tion between the cooling water and the tube. 
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Solution. The water-side convection coefficient can be computed by the empirical 
relationships on page 393 if the variables in the problem are in a range for which an 
equation is available. This case might fit either item a or item h on page 393. To 
determine which, if either, is applicable, the Reynolds number {DVp/thn) is calculated. 

D (inside diameter) = 1 — 2(0.049) « 0.902 in. 

(Table B-3 gives 0.049 in. as the wall thickness of No. 18 tube.) Evaluating water 
properties at a mean bulk temperature [Eq. (19-28)], 

I sa _ 7R01? 

2 

p = 62.2 lb„/ft3 
k = 0.352 Btu/(hr)(ft)(°F) 


Mm * 2.22 lb,n/(ft)(hr) 

C;, = 1 Btu/(lb,„)(°F) 


The velocity V is calculated from the continuity equation 


Solving, 


500,000 lb«/hr 


100 tubes 


Re 


5,000 


lb,„/hr 7r(0.902)2(F)(62.2) 


tube 
V = 18,100 ft/hr 
(0.902)(18,100)(62.2) 
( 2 . 22 ) ( 12 ) 


4(144) 


38,100 


(Here care must be taken to assure that consistent units have been used so that the 
Reynolds number is dimensionless.) Although Eq. (19-30) is valid for this Reynolds 
number value, the other restrictions should be checked: 


Pr 


( 1 )( 2 . 22 ) 


CpMm _ 

k 0.352 
L (16)(12) 


= 6.3 


D 


0.902 


> 60 


Thus Eq. (19-30) is applicable. 


Nu « 0.023(38,100)«»(6.3)« -‘ * 0.023(4,620)(2.09) * 222 
and h, = 222^ = = 1040 Btu/(hr)(ft*)(''F) Ans. 

Example 4. A long horizontal pipe, 6 in. outside diameter, with an oxidized surface, 
passes through a large room. The surface temperature of the pipe is 200°F, and the 
surrounding air and solid surfaces are at 80°F. What percentage change in convection 
heat transfer would occur if the pipe surface temperature were increased to 400®F 
with surrounding air and surface temperatures remaining at 80®F? 

Solution. Equation (19-49), or Eq. (19-50), is applicable for computing the con¬ 
vection coefficient if the Gr Pr product is in the proper range. Evaluating air proper¬ 
ties at the mean film temperature defined by Eq. (19-29o) gives, for t, ** 200°F, 


if 


200 -h 80 
2 


HO^F 


Interpolating to determine air properties from Table B-15. 

p - 0.0662 lbm/ft» Cp * 0.2408 Btu/(lb;„)(‘’F) 

- 0.0483 lb,„/(hr)(ft) k - 0.0167 Btu/(hr)(ft)(‘^F) 
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From Eq. (19-276) 

^ _ (0.2408) (0.0483) _ „ 

^-00167- 

D^p'gpAt (0.5)H0.0662)*(32.17)(3,600)*(0.00167)(200 - 80) 

“ Mm* “ (0.0483)* 

Gr - 1.93 X 107 

GrPr « (1.93 X 107)(0.696) = 1.34 X 10^ 

Hence Eq. (19-49) may be employed to calculate he for the 200°F surface temperature. 
For t. - 400°F, 

,, = 100^ „ 240»F 

p - 0.0567 Cp = 0.2419 Btu/(lb„)(°F) 

^ - 0.0542 lb../(hr)(ft) k - 0.0190 Btu/(hr)(ft)(‘'F) 


= 240°F 




Pr = 0.69 


(0.5)*(0.0567)*(32.17)(3,600)*(0.00143)(400 - 80) 
(0.0542)* 


2.61 X 107 


Gr Pr * 1.8 X 107; hence Eq. (19-49) may be used for the 400°F temperature. Com¬ 
puting the heat transfer by convection for the case of the 200°F surface temperature, 

(0.53)(Gr Pr)» »‘ = (0.53)(1.34 X 10')» « 

Do D.O 

* 1.07 Btu/(hr)(ft*)(‘‘F) 

- A. A< = 1.07(200 - 80) = 129 Btu/(hr)(ft») 

^A-200''F 

For the 400®F surface temperature, 

Ae - (0.53)(1.8 X 10’)« » = 1.31 Btu/(hr)(ft‘)(°F) 

U.5 

= (1.31)(400 - 80) - 419 Btu/(hr)(ft») 


The percentage change in convection heat transfer caused by increasing the surface 
temperature from 200 to 400°F is 

(100) (419 - 129) 

^-j 29 - - ” 226 per cent Ans, 


Example 5. The wing of a supersonic transport plane designed to fly at 1,200 mph 
in air at a temperature of 80®F has an average chord dimension of 40 ft. (a) Estimate 
the temperature of the wing surface (skin) assuming no heat loss from the skin, 
(6) If because of radiation, or possibly internal refrigeration, the skin loses energy 
and thus attains a steady temperature of 200°F, determine the direction and magni¬ 
tude of the convection heat transfer. 

Solution, (a) At this speed, aerodynamic heating effects cause the air in the 
boundary layer to increase in temperature and result in a significant convection heat 
transfer to the skin. If the skin is considered to lose no energy, then its temperature 
approaches the adiabatic wall temperature. For purposes of estimation, it will be 
assumed that the wing is equivalent to a flat plate of 40 ft length. From page 396, 



FUNDAMENTALS OF, HEAT TRANSFER 


399 


the adiabatic wall temperature can be computed if the recovery factor is known. 
The value of the recovery factor depends upon whether the boundary-layer flow is 
laminar or turbulent. To ascertain the nature of the flow, the Reynolds number is 
calculated. (As only an approximate value of Re is needed, fluid properties are 
evaluated at the freenstream temperature of 80®F from Table B-16.) 


Re 


(1,200)(5,280)(40)(0.0735) 

-d.^-^ 


Hence the boundary-layer flow is turbulent and 

tav> ^ t r -jr— =* 80 + 


i + r . - 

^QcJ Cp 


(0.892)(1,200)»(5,280)" 


(2) (32.17) (778) (0.2404) (3,600) * 


310‘‘F Ana. 


Radiation heat transfer alone will cause the skin temperature to be other than 310®F. 

(6) The convection coefficient may be found by Eq. (19-41), with property values 
evaluated at 


t* 

Re 

Pr 


80 + (0,50) (200 - 80) + (0.22) (310 - 80) 


(1,200) (5,280) (40) (0.0610) 
0.0514 
(0.2412)(0.0514) 


3.00 X 10* 


0.0179 


0.693 


19rF 


St = ~ - (0.037) (Re)-» »(Pr)-» ‘*’ 

CpV p 

he * (0.2412)(1,200)(5,280)(0.0610)(0.037)(3.00 X 10»)-« *(0.693)-®-®” 
- 88.9 Btu/(hr)(ft*)(°F) 


The convection heat transfer is 


0 

A 


—- hc(,tt tavp) 


88.9(200 - 310) 


-9,790 Btu/(hr)(ft*) 


Ana. 


The convection heat transfer is from air to plate. Note that sea-level pressure 
(14.7 psia) has been assumed. How would the results differ if the plane were flying 
at an altitude of 50,000 ft (approximately one-tenth sea-level pressure)? 

19-9. Thermal Radiation. The modern theory of the mechanism of 
radiation premises that corpuscles of energy called 'photons are propagated 
through space as rays. Although the motion and position of each photon 
cannot be exactly specified, the movement of a swarm of photons can be 
described as an electromagnetic wave. This wave is propagated with 
unchanging frequency at a velocity equal to the speed of light. The 
relationship between velocity T, frequency Vy and wavelength X is 

V = (19-51) 

Each photon, or light quantuMy is conceived to have a definite energy 
of amount 

E = Av (19-52) 

where h is Planck^s constant equal to 6.62377(10“*0 erg sec. Thus the 
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corpuscle-wave nature assigned to radiation dictates that the total energy 
is spread over a greater and greater area as the distance from the source 
increases (so that the inverse-square law of optics is upheld) and yet 
that each photon arrives at its final destination without loss of energy. 
If the photon is completely absorbed by a substance, it is annihilated, 
and its energy is taken up by the substance. 

Consider a case in which the particles and subparticles of a substance 
occupy different energy levels. Then when energy is diminished (or 
increased) by one packet of energy (a photon), a particle experiences a 
transition from one energy level to another. Because the energy levels 
are not evenly spaced, radiation from a substance is composed of photons 
of various amounts of energy and therefore of various wavelengths [by 
Eqs. (19-51) and (19-52)]. Although in a microscopic sense radiation 
is not continuous, macroscopic measurements are too coarse to show the 
discontinuities. 

The particle excitement that gives rise to radiation can be induced 
by many means, and certain methods produce radiation in very narrow 
wavelength (frequency) ranges. Arbitrarily, names have been assigned 
to certain frequency ranges of the electromagnetic spectrum (Table 19-1). 

Radiation emitted by a substance solely because of its temperature 
is called thermal radiation. This radiation is distributed (macroscopi- 
cally) over all wavelengths, but for the temperatures usually encountered 
in engineering, thermal radiation is mostly concentrated in the infrared 
region of the spectrum (Table 19-1). Examples of radiation not induced 
by thermal means include that emitted by a substance experiencing 
radioactive decay and that emitted by a phosphor under electronic 
bombardment (fluorescent lamp). The remaining discussion will con¬ 
sider only thermal radiation, and the term radiation will imply thermal 
radiation. 

Matter emits radiation at all attainable temperatures, and the direction 
of radiant flux is not determined by the temperature difference. The 
preceding statement stems from the Prevost law of exchanges (1792). 
To illustrate, consider an isolated system consisting of a sphere in an 
evacuated enclosure. If at first the enclosure is hotter than the sphere, 
equality of temperature will result from transfer of heat by radiation 
from enclosure to sphere. But if the enclosure is cooled, the transfer 
of heat proceeds from sphere to enclosure. From these observations, 
it might be concluded that the sphere was radiating energy to the enclo¬ 
sure in the first case as well as in the second case. Following the same 
line of reasoning when sphere and enclosure are at the same temperature, 
it is seen that an equal exchange of radiation must take place to maintain 
the equilibrium. Thus radiation interchanges are continually occurring 
in the direction of both increasing and decreasing temperature, although, 
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Table 19-1. The Electromagnetic Spectrum 
(Speed of propagation is 186,000 miles/sec in a vacuum) 


Name 

Origin 

Represent¬ 

ative 

wave¬ 
length, cm 

Approximate 
energy per 
photon, elec¬ 
tron volts t 

Cosmic ray. 

Unknown 

10"^* 

10» 

Gamma ray. 

Emitted by radioactive substances 

10-10 

10« 

X ray. 

Secondary emission from materials 

10“* 

10* 


bombarded with electrons 



Ultraviolet ray.... 

High activity of outer electrons of 

10“« 

10* 


molecule, usually by increasing 




the temperature 



Light: 




Violet. 


4 X lO-*^ 


Green. 


5 X 10“® 

10 

Red. 


7 X 10“^ 


Infrared. 

Vibrations of atoms in molecules 

io-> 

10-1 

FM radio and \ 

From flow of electricity through 

10» 

10-* 

television > 

systems with capacitance and in¬ 



AM radio ) 

ductance 

10^ 

10“» 


t 1 electron volt « 1.5 X 10“** Btu (Art. A-1). 


of course, the net transfer of heat must always be from hotter to colder 
regions. 

19-10. The Concept of the Black Body. When radiation falls on a 
surface, some of the incident energy may be reflected and the remainder 
either absorbed or transmitted through the material. This division of 
incident radiation can be shown as three fractional parts: 

a *4" P "T T = 1 (19-53) 

wherein a = absorptivity (fraction of incident radiation absorbed) 
p = reflectivity (fraction of incident radiation reflected) 

T = transmissivity (fraction of incident radiation transmitted) 
The absorption and emission of radiation can be considered to be a surface 
effect for most solids (involving, at most, 0.1 in. depth). Engineering 
materials are usually sufficiently thick so that they can be considered 
opaque, that is, r = 0 (glass appears to be an exception, but see Art. 19-15). 

Black substances are effective absorbers of radiation in the wavelengths 
that are encountered in heat transfer. From this observation, the name 
black body is assigned to a perfect absorber of radiation. 

A black body has an absorptivity of unity for all incident radiation. 

The characteristics of a black body can be closely approached by a 
construction first proposed by Kirchhoff. A small opening is made in a 
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hollow sphere (or other hollow body) with its inner surface coated with 
(for example) lampblack (a « 0,95, p « 0.05) (Fig. 19-9). Here the 
small opening approaches black-body behavior 
since radiation entering it will be largely absorbed. 
/ \ Note, in Fig. 19-9, that an incident ray will have a 

I \l P\1 multiplicity of ever-weaker reflections on the lamp- 

\ /\ 1 black surface, and only an extremely small portion of 

the incident radiation will ever again encounter the 

Fig. 19-9. A practi- fu* fiKK+LKiL 

cal black body. addition to being a perfect absorber, the black 

body is also a perfect emitter; that is, at a given tem¬ 
perature it emits more radiation than any other body. Suppose that a 
black body is placed inside a hot oven. The body would absorb all 
incident radiation and attain the oven temperature (but its temperature 
could not exceed this value or the Second Law would be violated). 
Now substitute a non-black body for the black body. A longer interval 
of time will elapse before the non-black body reaches the oven tem¬ 
perature since not all of the incident radiation is absorbed (a slower 
absorption rate). The conclusion for each body at thermal equilibrium is 
that the body must be emitting radiation at exactly the same rate that 
it is absorbing radiation. Then it follows that since the black body is 
the perfect absorber, it must therefore be the perfect emitter. 

With this reasoning, consider again Fig. 19-9. Since the small hole 
is (essentially) a perfect absorber, it is also a perfect emitter. The 
inner walls of the cavity are continually exchanging 
radiation and therefore the enclosure is filled with 
radiant flux with density dictated by the equilibrium /^ \ 
temperature. Thus black-body radiation is continu- ) 

ally escaping through the small hole to the surround- _ 

ings. Ideally, all of the escaping radiation originates yio. 19-10. Emis- 
from emission (not reflection) by the inner walls, sion from a black 
Devices such as that of Fig. 19-9 are used as black-body surface, 
sources for research in radiation and for calibration of radiation 


Fig. 19-10. Emis¬ 
sion from a black 
surface. 


instruments. 

19-11. The Wavelength Distribution of Black-body Radiation. In 

Fig. 19-10, the black surface! A is radiating energy in all directions of its 
enclosing hemispherical angle. An expression for the rate at which 
radiation is emitted by unit area of A throughout the hemisphere for one 


t The smaller the opening, the better the approximation to black-body behavior. 
To approach black-body behavior closely enough for most experimentation, the 
opening need not be as small as one might expect; for example, a hole of 1 in. diameter 
in the end of a hollow cylinder 10 in. long and 3 in. in diameter suffices. 

J Black surface will be used as a synonym for black-body surface. 
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particular wavelength (X) was derived from theoretical considerations 
by Planck (1901) if 


W,x = 


cx-*^ 

gc/XT _ 1 




Btu 

hr ft* cm 




(19-54) 


where X = wavelength, cm 

C = 1.1870(10-») Btu cmV(hr)(ft*) 
c = 2.5896 cm °R 

The quantity TTbx is called the monochromatic hemispherical emissive 
power of a black surface.! 



Fig. 19-11. Monochromatic emissive power of a black body at various temperatures. 

Equation (19-54) is plotted in Fig. 19-11 with the wavelength as the 
abscissa. The total rate of radiation per unit area of black surface for a 
specified temperature is equal by definition to 

w, = f“ d\ (19-55) 

Hence the total hemispherical emissive power per unit area of black 
surface for a particular temperature, is represented by the area under 
that particular temperature curve in Fig. 19-11. The maxima of the 

t Prior to Planck, the use of Newtonian mechanics failed to produce an expression 
for the distribution of black-body radiation that agreed with experimental findings. 
In obtaining a valid relationship, Planck was led to the viewpoint that matter cannot 
emit or absorb energy of arbitrary amount, but must interchange energy in discrete 
amounts—one photon, two photons, etc. (Eq. (19-52)]. Planck’s concept was revo¬ 
lutionary for it led to quantum mechanicSy a cornerstone of twentieth-century science. 
See Jakob ^ for a description of the earlier formulations and further information on 
Planck’s contribution. 

t Radiation constants are those recommended by N. W. Snyder, A Review of 
Thermal-radiation Constants, Trans. ASME, 76: 637-539 (May, 1954). 
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curves shift to shorter wavelengths (higher frequencies) as the tempera¬ 
ture increases; these maxima can be obtained by differentiating Eq. 
(19-54) or from Wien^s displacement law (derived in another manner by 
Wien prior to the introduction of Planck^s equation) : 

X^ax T = 0.52156 cm °R (19-56) 

The increase in radiation with temperature is illustrated by the larger 
areas lying under the higher temperature curves. Note that because 
of the high temperature of the sun, a significant amount of its emission 
is in the visible light band (0.4 to 0.8 micron). For the relatively low 
temperatures encountered in engineering, however, most of the energy 
will be concentrated in the longer wavelengths—the infrared region 
(Table 19-1)—and relatively little energy is emitted as visible light. 

Substituting Eq. (19-54) into Eq. (19-55) and performing the integra¬ 
tion yields the Stefan-Boltzmann law:^ 



where (T = 0.1714(10-«) Btu/(hr)(ft2)(®R4) 

T = absolute temperature of emitter, ®R 
It is convenient to use Eq. (19-57) in the form 

19-12. The Spatial Distribution of Radiation. The distribution of 
black-surface radiation throughout space will be investigated. Figure 
19-12 shows a small black surface dAi (emitter) and a black-body 
radiation collector J dA 2 which can be placed at various angular locations 
about dAi. Maintaining the radius r constant, the locus of locations is 
a hemisphere. It will be found that the collector measures a maximum 
amount of radiation (heat) when it is at the position normal to the 
emitter and that the amount progressively decreases with increase in 
becoming zero at <f) of 90°. Also, the radiation will be symmetrical about 
the normal axis. 

t For a detailed account of the experimentation and thermodynamic reasoning 
that led to the laws of black-body radiation, refer to J. K. Roberts, “Heat and Thermo¬ 
dynamics,” 4th ed., Blackie & Son, Ltd., Glasgow, 1955. As consideration of black- 
body radiation led to formulation of the quantum theory, most textbooks on modern 
physics consider black-body radiation in some detail; see, for example, F. K. Richt- 
myer, E. H. Kennard, and T. Lauritsen, “Introduction to Modern Physics,” 5th ed., 
McGraw-Hill Book Company, Inc., New York, 1955. 

f The collector might be crudely thought of as a small mass, with its temperature 
rise during a measured time period serving as an indicator of the incident radiation. 
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The radiation impinging on (and ab¬ 
sorbed by) the collector is emitted by 
dAi through a constant solid angle t da» 
equal to dA^/r^. For a fixed position on 
the hemispherical surface, the quantity 
of radiation absorbed by such a collector 
is proportional to the intensity of emission 
(/) of dA\y defined for black bodies as 

TTk ■= IiL, •‘aT* (19-58) 

The dimensions of I are radiant flux per 
unit area of emitter and unit solid angle 
[Btu/(hr) (ft*) (solid angle)]. 

The collector would measure a vari¬ 
ation of black-body intensity with angular position in accord with LamherVs 
cosine law: 

The intensity of radiation in a direction 4> from the normal to a plane black 
emitter is proportional to cosine </>. 

Let In designate the normal intensity and denote the intensity at an angle <t> 
from the normal. Then, according to Lambert’s cosine law, 

~ In cos </> (19-59) 

By Lambert’s cosine law,t the radiation emitted by dA \ w'hich impinges on dA^ may 
be expressed as 


Normal to 



Fig. 19-12. Determination of the angular 
distribution of radiation emitted by a 
black surface. 


dAx Wi-.2 


In\ COS 01 dAi dA2 
r* 


(19-60) 


Further, if the normal to dA 2 is oriented at an angle 02 to a radius connecting dAi 
and dAi such that the projected area dAt cos 02 is seen when looking toward dAi from 
dAi (note that 02 = 0 in Fig. 19-12), then 


dAi Wi-^i 


Ini COS 01 dA 1 cos 02 dAi 
r* 


(19-61) 


t A solid angle is defined as the spherical area divided by the radius squared. The 
area of a hemisphere is 27rr*; hence a hemisphere is a solid angle of 2Tr or contains 
2 t solid angles. 

t The concept that the intensity (brightness) of a plane surface varies with the 
direction of view is contrary to our observations. If a “red-hot” surface is viewed 
from its normal direction and then from a direction other than normal at angle 0 , 
our senses report that the surface appears equally intense (bright) in both cases. 
However, in defending this viewpoint, it must be remembered that if an area A was 
seen from the normal direction, then a smaller projected area A cos 0 was seen from 
the other direction. But whether one adopts the concept that intensity varies with 0 
or the seemingly more sensible viewpoint that intensity is constant and the area seen 
varies with 0 , the same result [Eq. (19-60) or (19-61)] is obtained for the exchange 
between emitter and collector. 
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A relationship between the normal intensity /« and the total emission of a plane 
black surface of unit area may be obtained by reference to Fig. 19-13. In Fig. 19-13, 

the collector dA^ is now a symmetrical band about 
the normal axis. 


/V 



Wu 


r2ic 

= .r.* - 1^ I 




f In COS 0 (19-62o) 

J At r* 


Note that « 2ira{r d<t>) 

= 2irr sin </>(r d4>) = 27rr* sin ^ d<t> 

Fio. 19-13. Determination of Sukstituting for.dAs in Eq. (19-62a), 
the relationship between the 
normal intensity and the total 
energy emitted by a plane 
black surface. 




cos <t> 2ir sin <t>d<i> — ir/„ (19-62?>) 


Thus the normal intensity of radiation from a plane black surface is 

Btu "I 


/n = ~ - Ti^ 


_(hr)(ft*)(solid angle). 


(19-63) 


Employing Eqs. (19-61) and (19-63), a useful relationship for evaluating the 
amount of radiation leaving dAi and striking dA^ is obtained: 

dA, ^ <^4? (19.64) 

irr- 

Integration of Eq. (Hl-64) over finite areas Ai and A 2 permits evaluation of the 
radiation interchange between plane surfaces bearing various geometrical relation¬ 
ships to each other. Specific means of applying this technique to certain configura¬ 
tions will be considered in Art. 19-17. 

19-13. The Concept of the Gray Body. The concept of the black body 
gives rise to an ideal absorber or emitter, but the materials of engineering 
exhibit only a fraction of this behavior. This fraction is called the 
emissivity, which is defined as the ratio of the total emissive power of a 
material {surface) to that of a black body at the same temperature. 

(19-65) 

A gray body can now be defined. 

A gray body has a constant emissivity less than unity at all 
temperatures and wavelengths. 

The radiation from a gray body can be shown in Fig. 19-11 by construct¬ 
ing a curve with ordinates a constant fraction of those for the black body. 
Although the gray body is an ideal concept since the emissivities of 
many materials vary markedly with temperature and wavelength, it is 
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still a convenient assumption that may be closely true for many engineer¬ 
ing problems. 

The departure of real materials from the gray ideal is shown by varia¬ 
tions in the emissivity with temperature and wavelength. Thus the 
monochromatic emissivity is defined as the ratio of the monochromatic 
emissive power at wavelength X and temperature T to that of a black 
body at the same wavelength and temperature: 

txT- = ^1 (19-66) 

»^6XJ7’ 

Emissivity is frequently based upon the total energy radiated in all 
directions into or through an imaginary hemisphere above the radiating 
surface, and such emissivity is denoted as hemispherical emissivity. 
Ill some instances, the ratio is measured only in a direction normal to the 
radiating surface, and this results in a directional emissivity called 
normal emissivity. For a black body or for any other surface having 
emissions specified by Lambert^s cosine law, the hemispherical and normal 
emissivity values are identical, as is nearly so for real nonmetallic mate¬ 
rials which deviate only slightly from the cosine law. The intensity of 
radiation from polished metallic surfaces does not obey the cosine law, and 
hemispherical emissivities of these substances may be as much as 20 per 
cent greater than the normal emissivities. See Eckert and Drake® and 
Jakob® for additional information. 

19-14. Kirchhoff’s Law. Consider a black body placed in an evacuated 
enclosure which is at a definite temperature. When thermal equilibrium 
is reached, the body is radiating exactly the same amount of energy as 
it is absorbing. Since the emissivity and absorptivity of the black body 
are unity, obviously 

€6 = ai, = 1.0 

Now let a gray body of emissivity 0.8 be placed in the enclosure. At 
equilibrium the emitted radiation must again exactly equal the absorbed 
radiation. But since the gray body is emitting exactly 0.8 of the amount 
emitted by the black body, it must also be absorbing exactly 0.8 of the 
amount absorbed by the black body; that is, 

== otg (19-67a) 

Similar procedure and logic can be used for monochromatic emissivity 
and absorptivity when the enclosure is premised to be emitting only 
monochromatic radiation: 

€x,r, = (19-676) 

Here the subscripts Ti and Xi emphasize that body and enclosure are at 
the same temperature and that the same wavelength of radiation is being 
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emitted and absorbed. Such a restriction is necessary in considering real 
materials, because when the enclosure and real body are not at the same 
temperature, the equality need not exist. In other words, cxir, need not 
be equal to a\^T 2 (or to ax,?’,). Note further that the emissivity of a body 
depends solely upon the body^s characteristics, such as kind of material, 
surface condition, and temperature. But absorptivity, in addition to 
being a function of material, surface condition, and temperature, is also 
dependent upon the wavelength distribution of the radiation incident 
upon the surface. Kirchhoff's law can now be formally stated: 

The emissivity and absorptivity of a real surface are equal 

for radiations with identical temperatures and wavelengths.! 

19-15. The Emissivities and Absorptivities of Real Materials. The 

emissivity is quite strongly a surface characteristic, since the surface 
controls the reflectivity, the complement to absorptivity for opaque 
materials, and €\^Ti = axir,. Values of the emissivities for various mate¬ 
rials are shown in Table 19-2. Note that rough surfaces have larger 
emissivities (and therefore larger absorptivities) than smooth surfaces, 
while oxidizing a surface greatly increases the emissivity. In general, 
emissivity increases with surface temperature. 

Caution must be used in interpreting the values listed in Table 19-2. 
Thus white paper at room temperature has high emissivity (0.93) and 
therefore high absorptivity (0.93) for radiation of the same (room) 
temperature. This is proved by KirchhofTs law. Inspection of Fig. 
19-11 shows that such low-temperature radiation is primarily concen¬ 
trated in the long wavelengths. Now when the white paper, at room 
temperature with emissivity of 0.93, is exposed to the rays of the sun, its 
absorptivity will be found to be very small because the high-temperature 
radiation is concentrated in short wavelengths and the white color is a 
good reflector. An extreme example of this was demonstrated in the 
atomic-bomb explosions. Here people with black clothing were severely 
burned while those with white garments were shielded; the high-temper¬ 
ature radiation was absorbed in the one case and reflected in the other. 
Thus white clothing is preferred in tropical climates. But if the ordinary 
house radiator is to be painted, the choice of color is not critical because 
the emissivity for low-temperature radiation has little to do with the 
visible wavelengths (Fig. 19-11), being approximately the same for all 
colors (Table 19-2). 

Table 19-3 illustrates the variation of absorptivity of certain surfaces 
as the wavelength distribution of the incident radiation is changed. Here 

t For a black or gray body, Kirchhoff's law may be paraphrased as: The emissivity 
and absorptivity of a black or gray surface are equal for all radiations at all tempera¬ 
tures and wavelengths. 
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Table 19-2. Normal Emissivities of Various SuRFACEsf 


Surface 

op 

e 

Aluminum: 



Highly polished plate. 

440-1070 

0.039-0.057 

Rough plate. 

78 

0.055 

Oxidized plate. 

390 

0.11 

Roofing. 

100 

0.216 

Iron and steel: 



Polished iron. 

800-1800 

0.144-0.377 

Oxidized iron. 

212 

0.736 

Oxidized steel. 

390-1100 

0.79 

Rough, oxidized steel plate. 

100-700 

0.94-0.97 

Molten. 

2370-3270 

0.28 

Asbestos paper. 

100-700 

0.93-0.945 

Red rough brick. 

70 

0.93 

Paints, lacquers, varnishes: 



White enamel on rough iron. 

73 

0.906 

Black lacquer on iron. 

76 

0.875 

Oil paints. 

212 

0.92-0.96 

Aluminum paint, 26% A1. 

212 

0.3 

Paper, thin. 

66 

0.93 

Plaster, rough lime. 

50-190 

0.91 

Roofing paper. 

69 

0.91 

Water. 

32-212 

0.95-0.963 


t From J. H. Perry (ed.), “Chemical Engineers' Handbook,” 3d ed., McGraw-Hill 
Book Company, Inc., New York, 1950. The table was contributed by H. C. Hottel 
with the following comments: 

1. Normal and hemispherical emissivities can be considered equal except for well- 
polished metal surfaces where the latter is 15 to 20 per cent greater than the normal 
value. 

2. When two temperatures and two emissivities are given, linear interpolation is 
permissible for intermediate values. 


black-body radiation emitted by a source strikes the substance. The 
source temperature is varied, as shown in the table, thus changing the 
wavelength distribution of the radiation incident upon the substance 
(Fig. 19-11). The substance is maintained at a constant temperature 
of 70°F. 

The difficulties of evaluating the absorbing and emitting power of 
surfaces by visual examination may be illustrated by considering the 
radiating characteristics of snow and glass. For the visible wavelengths, 
snow is a very efficient reflector; however, its total emissivity at 32°F is 
0.98. Glass is obviously a very good transmitter of radiation in the 
visible range of the spectrum; yet its emissivity at 72°F is of the order 
of 0.9. 
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Table 19-3. Variation of Absorptivity with Type of Incident Radiation f 


Source temperature 


Substance at 70°F 

70°F (530‘’R) 

5000'’R 

10,000°R 
(approx, solar 
radiation) 

Slate composition roofing: 

e . 

0.92 

0.92 

0.92 


0.92 

0.90 

0.90 

Concrete: 

c. 

0.88 

0.88 

0.88 


0.88 

0.67 1 

0.61 

Red brick: 

e . 

0.93 

0.93 

0.93 

Of . 

0.93 

0.41 

0.54 

Flat black paint: 

0.90 j 

0.90 

0.90 

^ .. . . . . 1 

ct . 

0.90 

0.97-0.99 

Flat white paint: 

€. 

0.88 

0.88 

0.88 

fx . 

0.88 

0.12-0.26 

Aluminum paint: 

e . 

0.43 

0.43 

0.43 

O'. 

0.43 

0.22 

0.20 

Polished aluminum: 

€. 

a . 

0.04 

0.04 

[ 

0.04 

0.23 

0.04 

0.28 


t Mostly from L. S. Marks (ed.), “Mechanical Eng.ineers’ Handbook,” 6th ed., 
McGraw-Hill Book Company, Inc., New York, 1958. Table contributed by H. C. 
Hottel. 

19-16. Heat Transfer by Radiation between Parallel Planes. Con¬ 
sider, first, two parallel black planes at different temperatures and 
of equally large area A, so that end effects can be neglected. The radiant 
energy emitted by the hot (Ti) plane will equal 

Wi^2 = 

while the radiant energy received from the cold (T 2 ) plane will equal 

W2^i = aT2^ 

The net heat transferred from the hot plane isf 

= Wi-., - = criTi* - T,*) ( 19 - 68 ) 

t The concept that the net heat transfer is the difference of radiation streams 
moving with and opposite to the direction of decreasing temperature is consistent with 
the Prevost law (Art. 19-9). 

















FUNDAMENTALS OF HEAT TRANSFER 


411 


Now let the hotter plane be gray and the colder plane black, and evaluate 
the net heat transfer. This can be done by summing up the net heat 
exchange for one plane (the picture is clearer if radiation is considered 
to be corpuscular in nature). Thus the first step is emission from the 
gray plane, and by definition of the emissivity, 

This packet of energy strikes the black plane, and none of the energy is 
reflected. Meanwhile, the black plane is emitting packets that are 
partially absorbed by the gray plane: 

Wi-^i = 

(The part reflected will be absorbed by the black plane.) Adding these 
two equations together (and since € = a), 

Qi2 = ~ 7^2^) (19-69) 

Although Eq. (19-69) was derived for parallel planes, it may be used for 
other cases in which similar interpretations can be placed on the heat 
exchange. Thus a small body in a large enclosure will radiate energy 
to the walls of the enclosure, and only a small fraction of the reflected energy 
will ever again encounter the small body. But this condition, that no 
reflected energy will reach the gray body, is exactly the condition imposed 
in the derivation. The same remarks would apply to the case of a hot pipe 
in a large room or a thermocouple in a large duct. Thus for a small body 
AI of emissivity €i in a large enclosure A 2 , Eq. (19-69) applies. 

Consider next the case of two large parallel gray planes. Here the 
problem is complicated by the infinite number of reflections that will occur 
at each surface, but when the net energy is summed, it will be found to 
equal 


Q\2 


a 

ia;+ 




T2^) 


(19-70) 


19-17. The General Problems of Heat Transfer by Radiation. In the 

calculation of heat transfer by radiation, it is usually necessary to 
approximate real-body behavior by the gray-body idealization. The 
assumption that emissivity is always equal to absorptivity (strictly 
valid only for black or gray bodies) is frequently required if the problem 
is to be solved. Even as simple a situation as the one resulting in Eq. 
(19-70) becomes quite complex if real-body behavior is considered and 
the resulting convenience of replacing absorptivity with emissivity is 
lost. A second difficulty in considering real-body behavior is the lack 
of sufficient data. To properly account for real-body behavior, extensive 
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tabulations similar to the data in Table 19-3 would be required for all 
types of incident radiation on engineering substances. 

The usual problem of heat transfer by radiation is further complicated 
not only because the surfaces are nonblack but also because the configura¬ 
tion of the areas involved is not simple and reflecting surfaces may be 
present to augment the direct exchange. However, a number of solutions 
have been made and expressed in terms of certain parameters by Hottel.^ 
These parameters are F, the geometric configuration factor; Py the geometric 
configuration-refiection factor; and SF, the geometric configuration-refiection- 
emissivity factor. 

The geometric factor F depends only upon the physical configuration 
of the radiator and receiver areas and is defined by 


F 


12 


direct radiation from surface 1 incident upon surface 2 
total radiation from surface 1 


(19-71) 


As the name implies, factor F is the fraction of the total radiation leaving 
the radiating surface and directly falling upon a second surface. In all 
real radiation problems, the radiating surface will be of finite area; 
therefore it will be enclosed by many surfaces, real or imaginary (an 
enclosure). The total unit radiation leaving the radiating surface is 
made up of the fractional parts sent to each confining surface of the 
enclosure: 

Fii + Fi2 + Fi3 * * • =1 (19-72) 


In cases where body 1 cannot ^^see itself/^ Fn is zero. 

The configuration factor Fn can be used to determine the net heat 
exchange between two black bodies since, in an enclosure of black sur¬ 
faces, no reflection is possible. Consider the radiation leaving one surface 
and falling on a second surface: 

AiWi-,2 — AiFi20’Ti^ 

Since the second surface is also radiating energy, 

A2W^2~*1 ~ A^JF2^ 

But when Ti = T 2 , the two exchanges must be equal, and since F is not a 
function of temperature but only of geometric configuration, 

A 1 F 12 = A 2 F 21 (19-73) 

Thus the net heat transfer between 1 and 2 is 

Qi2 = A,FMTi^ - T2^) = A2F2ia(T,^ - T2^) (19-74) 

where only F 12 or F 21 need be evaluated, depending upon which is more 
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easily determined. Since Eq. (19-74) may be made general for the 
enclosure of black surfaces, the net heat transferred from the radiator is 

- T2^) + - T,^) -h * • • (19-75) 


Example 6. A small, 2-in.-outside-diameter sphere with a surface temperature 
of 540°F is located at the geometric center of a large, hollow, 10-in .-inside-diameter 
sphere with an inner surface temperature of 40®F. Assuming both bodies approach 
black-body behavior, determine the fraction of the energy emitted by the inner surface 
of the large sphere which is absorbed by the outer surface of the smaller sphere. 

Solution. Denote the smaller sphere as 1 and the larger sphere as 2. As all the 
radiation incident upon the small sphere is absorbed, the fraction desired is Ft\. 
All radiation emitted by the small sphere is incident upon (and absorbed by) the inner 
surface of the larger sphere. Thus from Eq. (19-71), F 12 «« 1. But from Eq. (19-73), 


Ai 


(4x)(l)«(l) 

(4ir)(5)» 


0.04 


Ans. 


Thus only 4 per cent of the radiation emitted by surface 2 is incident upon the small 
sphere. From Eq. (19-72), it can be seen that 


F 22 = 1 - Fax = 1 - 0.04 = 0.96 


The remaining 96 per cent of the energy emitted by the larger sphere is absorbed by 
the inner surface of the larger sphere. 


Equation (19-64) may be applied to determine the geometric con¬ 
figuration factor F for two surfaces of finite area (say Ai and of 
known geometrical relationship. Indicating the integration of Eq. 
(19-64) and using the definition of F [Eq. (19-71)], 




Thus 


-If — 

jAi jAt 


cos <^1 cos 02 dA 1 dA^ 


Trr^ 


cos 01 cos 02 dAidA^ 


(19-76) 


As premised earlier, it can be seen that E is a function of geometric 
configuration only. Values for F obtained from expressions similar to 
Eq. (19-76) are shown in Figs. 19-14 and 19-15. f 


Example 7. Calculate the net exchange of radiation between two parallel rec¬ 
tangles, 2 by 4 ft, and 3 ft apart, if the temperatures are 1800 and 70°F and both 
surfaces behave as black bodies. 

Solution. The fraction of the total radiation leaving the hotter and falling upon 
the colder rectangle is found from Fig. 19-14, curve 3: 


Ratio 


shorter side 2 

distance apart 3 


F - 0.165 


t Factors for other geometric arrangements (and by H. C. Hottel) can be found in 
L. S. Marks (ed.), “Mechanical Engineers' Handbook," 6th ed., McGraw-Hill Book 
Company, Inc., New York, 1958. Also see D. C. Hamilton and W. R. Morgan, 
Radiant-interchange Configuration Factors, NACA Tech. Note 2836 (December, 
1952). 
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Thus only 16.5 per cent of the radiation leaving the radiator falls upon the sink. By 
Eq. (19-74), 

Qi 2 ** i4iFi2<r(Ti^ — T' 2 ^) 

= 59,4Q0 Btu/hr .4 ns. 

But in most problems there will be confining walls between the radiat¬ 
ing (source) and the receiving (sink) surfaces that will reflect and thus 



Ratio, 


3 4 5 

Shortest side or diometer 
Distonce between plones 


Fig. 19-14. The Hottel factors F and F for parallel planes. 


increase the incident radiation to the sink. A factor that includes both 
direct radiation (F) and reflected radiation is defined by P. 

p _ direct and reflected radiation from surface 1 incident upon surface 2 
total radiation from surface 1 

(19-77) 

It is assumed that the reflecting {refractory) walls reflect all the incident 
radiation. For the same reasons discussed for F, 

^11 + Fi2 + Fi 3 -f- • • • =1 (19-78) 

A\Fi 2 — AiP'^i (19-79) 

The net heat transferred from the black radiating surface A 1 to the black 
surfaces A 2 , A 3 , . . . is 

Qinet = AiP\ifr{T\^ — + A\Pnc{Ti^ — + • • • (19-80) 
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0.45 


0.40 


0.35 


0.30 

t 

k 0.25 

i2 0.20 


0.15 


0.10 


0.05 
0 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5 6 7 8 9 10 O) 

Dimension ratio, Z —► "^^Sco/e changes 

Fig. 19-15. The Hottel factor F for perpendicular planes. 

Values for ¥ for some cases are shown in Fig. 19-14, where the reradiat¬ 
ing (refractory) walls connecting the radiating planes are straight and 
reflect in a diffuse manner (Fig. 19-16). The reflection from most 
engineering materials approximates the diffuse type, although reflection 
from polished metal surfaces is more nearly specular {mirrorlike). 

t In engineering problems involving sources, sinks, and refractory surfaces, the 
assumption of perfect reflection (p — 1) by the refractory surfaces appears invalid. 
Frequently the refractory is exactly that (such as a refractory wall in a furnace), 
and from Table 19-2, the emissivity for such substances is of the order of 0.9. Apply¬ 
ing Kirchhoff’s law and Eq, (19-53), p must be about 0.1, quite different from the value 
of unity assumed in using the F concept. A viewpoint that permits the use of the 
perfect-reflector idealization is that the refractory walls are well insulated compared 
with the source and sink, and so the heat conducted through them is negligible com¬ 
pared with the total heat transfer between source and sink. Thus, although the 
refractory walls may absorb much of a beam of incident radiation, they subsequently 


y ~ Ratio (length of unique 
side of that rectangle on 
whose area the heat transfer 
equation is based ) / (length 
of common side) = y/x 
in sketch 


“Dimension ratio, Y -0.1 


Z = Ratio {length of unique 
side of other rectangle)/ 
(length of common side) 
- 2 /X in sketch 
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Example 8. Calculate the net exchange of radiation when the rectangles in 
Example 7 are connected by refractory walls. 

Solution. The fraction of direct and reflected radiation incident upon the cold 
rectangle is found from Fig. 19-14, curve 7: 

F - 0.51 

(ii 2 * AiFi 2 ^{Ti* - Ti*) “ 8(0.51)0.1714(22.6^ - 5.3') * 184,000 Btu/hr Ans. 

Of the total emission from the hotter rectangle, 51 per cent went directly and indirectly 

to the colder rectangle: 16.5 per cent (Fn) 
went directly and 34.5 per cent was initially 
incident upon the refractory and was ulti¬ 
mately diffusely reflected to the colder 
rectangle. The remaining 49 per cent [Eq. 
(19-78)1 must have been diffusely reflected 
back to the hotter rectangle. What would 
have been the energy accounting had the 
refractory reflected specularly rather than 
diffusely ? 

To better approximate the behavior 
of radiation enclosures consisting of 
sources, sinks, and refractories, the third Hottel factor, assumes that the 
sources and sinks are gray surfaces. 

_ direct and reflected radiation from surface 1 absorbed by surface 2 
total radiation from surface 1 if it emitted as a black body 

(19-81) 

By reasoning similar to that for the F factor, 

^5^11 + + 3^13 + ' ' * = Cl (19-82o) 

A 1^12 = A 2^21 (19-826) 

- T2^) + A,^uct{T,^ - T 3 ') + * * * (19-82c) 

For some enclosures consisting of one gray source, one gray sink, and 
any number of refractory surfaces, Hottel found that 

J- V ^ , r, .V (19-83) 

In applying Eq. (19-83), use Fu if refractories are present and Fu if 
refractories are not involved. In evaluating Fn (or Fu), the source and 
sink may be assumed black. 



{a) id) 


Fig. 19-16. Diffuse and specular reflec¬ 
tion. (a) Diffuse reflection (distri¬ 
bution of reflected radiation ideally 
obeys Lambert’s cosine law); ( 6 ) 
specular reflection (angle of incidence 
/3 equals angle of reflection 7 ). 


emit most of the beam, which, from the over-all picture (and for easy visualization), 
is as if all of the incident beam had been perfectly reflected. This viewpoint is what 
is meant by the term “nonconducting but reradiating walls” in Fig. 19-14. 
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Example 9. Determine the net heat transfer for the data of Examples 7 and 8 if the 
absorptivity of the cold rectangle is 0.60 while the emissivity of the hot rectangle is 
0.9. (Assume gray-body conditions.) 

Solution. With these data, 




1 

0.51 

(la - AiSiMTi* - T,*) 
- 136,000 Btu/hr 


+ (o^ " 0 + I " 0 


0.378 


* 8(0.378)0.1714(22.6* - 6.3^) 
Ans. 


Although Eq. (19-83) does not apply to all situations involving one 
source and one sink (both gray) and any number of refractory surfaces 
(see Art. 20-6), this equation may be used as a convenient starting 
point for obtaining specific solutions for simple cases. To illustrate, 
consider the case of an object radiating energy to a surrounding enclosure. 
Here Fu = 1.0 because all the energy leaving the radiator is intercepted 
by the enclosure. Substituting this value in Eq. (19-83), 


^12 = 



(19-83a) 


The condition that Fu =1.0 is also valid for two large parallel gray 
planes, and here ^ 1 =^ 2 ; therefore, 

j-1- (19-831)) 

- + --1 
€1 €2 


which is directly related to Eq. (19-70). When the enclosure A 2 is 
large compared with Ai, Eq. (19-83a) reduces to 

6^12 = €1 (19-83c) 

which can be compared with Eq. (19-69) and the comments of Art. 19-16. 

19-18. Radiation from Gases and Flames. Most gases are perfect 
transmitters of radiation (diaihermous) for the wavelengths of visible 
light. Because of this observation, it was long thought that gases did 
not absorb thermal radiation of any wavelengths. Studies in furnaces 
subsequently showed that certain gases do absorb (and thus by Kirch- 
hoff’s law, emit) significant amounts of radiation in the infrared region. 
Among these absorbing gases are certain combustion products produced 
in burning fuels, such as carbon dioxide, water vapor, carbon monoxide, 
the hydrocarbon gases, sulfur dioxide, and other heteropolar gases such as 
the alcohols and ammonia. No significant absorption of radiation in the 
wavelengths of thermal radiation has been observed in gases with sym- 
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metrical molecules, such as hydrogen, oxygen, and nitrogen. Thus, in 
considering the radiant interchange between surfaces separated by dry 
air, the assumption that air is a perfect transmitter of thermal radiation 
is justified. However, in air at high temperatures, such as behind the 
shock wave of the nose cone described in Art. 19-1, dissociation and 
ionization of the molecules produce species which emit radiation. 
Present indications are that the radiation from the “air^^ is significant 
but represents only a small fraction of the heat transfer by convection 
for return through the earth’s atmosphere from an initial entry speed of 
satellite velocity or less (about 26,000 ft/sec). However, gas radiation 
will probably be the predominant mode of heat transfer for a direct 
return through the earth’s atmosphere from an interplanetary flight 
with an atmospheric entry speed of escape velocity (36,000 ft/sec) or 
greater. 

Gases are selective emitters; that is, emission (and absorption) of energy occurs 
only in certain discrete wavelengths of the radiation spectrum. The absorption in a 
layer of gas exposed to radiation streaming normal to it may be pictured as follows: 
As radiation of certain wavelengths passes through the layer, it is partially absorbed 
and partially transmitted. Radiation of other wavelengths is transmitted without 
absorption. The amount of absorption in the gas layer depends upon the type of gas, 
the number of molecules of gas present (a function of the gas pressure and tempera¬ 
ture), and the thickness of the layer. Thus the absorption and emission is a volume 
phenomenon rather than a surface occurrence as in solids. 

Luminous flames, such as those obtained in the burning of powdered coal and 
atomized oil sprays, emit significant amounts of radiation. It is premised that the 
emission is primarily from glowing particles of soot and dust. 

In a modern, coal-fired steam generator, the steam-generating tubes and superheater 
receive energy by radiation from the luminous flame and by both radiation and con¬ 
vection from the hot combustion gases. Normally, radiation accounts for a large 
fraction of the total heat transfer. 

The calculation of heat transfer by radiation for surfaces separated by absorbing 
gases or luminous flames has proved difficult. Hotteb discusses some means of solv¬ 
ing the problem, and Oppenheim has shown that the network method (Art. 20-6) 
can be applied to simplify the analysis. 

Example 10. For the situation described in Example 4, determine the percentage 
change in total heat transfer from the pipe surface. 

Solution. In addition to convection, a transfer of heat by radiation takes place 
between the pipe and surrounding surfaces. Considering the pipe (1) to be a small 
body in a large enclosure (2), Eq. (19-69) can be used to calculate the radiation heat 
transfer, with the emissivity of the pipe surface, 0.79, selected from Table 19-2. 

- (0.79)(0.1714) [(f^)' - (y^)*] = Btu/(hr)(ft‘) for 200^surface 
^ = (0.79)(0.1714)(8.60* - 5.40‘) = 630 Btu/(hr)(ft») for 400”? surface 

Thus the total heat transfer from the surface is 129 + 142 = 271 Btu/(hr)(ft*) at 
200°F and 419 + 630 - 1049 Btu/(hr)(ft*) at 400°F. 
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The percentage change in total heat transfer in increasing the pipe surface tempera¬ 
ture is 

(100)(1049 - 271) 

- ■* 287 per cent Ana, 

Some important generalizations may be made on the basis of this solution. 

1 . The radiation heat transfer accounts for more than half the total heat transfer 
in both cases. This is often the case in situations where radiation and natural 
convection comprise the total heat transfer from a surface. In forced convection 
with coefficients several times those for natural convection, radiation may not con¬ 
tribute appreciably to the total heat transfer. 

2 . The radiation contribution represents a greater portion of the total heat transfer 
as the temperature of the surface is increased. Because of the fourth-power tempera¬ 
ture difference in the radiation equation, this is usually the case unless very large 
decreases occur in the emissivity of the hot emitter as its temperature increases (and 
this is unlikely; see Table 19-2). 

Example 11. It is planned to measure the temperature of a hot gas (diathermous) 
flowing through a large duct with a small thermocouple located centrally in the duct. 
Data for typical conditions are: 

Duct diameter *= 24 in. 

Wall temperature of duct {tv,) = 613°F 

Temperature indicated by thermocouple probe (tp) = 797°F 

Emissivity of thermocouple probe (€p) = 0.8 

Convection coefficient between gas and thermocouple — 7 Btu/(hr)(ft*)(®F) 

Is the temperature indicated by the thermocouple probe equal to the temperature 
of the hot gas tg? 

Solution. At steady state, the thermocouple loses as much energy as it receives, as 
expressed by 

^convection from gaa ~ ^rndtstion to walls "f" Oconrluction 

The conduction loss may be minimized by using small thermocouple lead wires and 
will be neglected in this approximate analysis. By Eqs. (19-2) and (19-69), 

hcAp{tg — tp) = €pAp(T{Tp* - Tyv^) 

From the data given, 

, (0j.K0,1714)(12.57^ - J073>) „ 

The error in thermocouple probe reading is 226°F, and the true gas temperature is 
approximately 1023°F.t The value of the calculated error should be regarded as only 
approximate, for the convection coefficient and emissivity are not known precisely. 
Thus when a large error is predicted, modifications should be made in the temperature¬ 
measuring arrangement. The energy-balance equation serves to point out modifica- 

t For a convenient means of solving this type of problem, see W. M. Rohsenow, A 
Graphical Determination of Unshielded Thermocouple Thermal Correction, Trans. 
ASME, 68: 195-198 (April, 1946). For shielded thermocouples, consult W. M. 
Rohsenow and J. P. Hunsaker, Determination of the Thermal Correction for a 
Single-shielded Thermocouple, Trans. ASME, 60: 699-704 (August, 1947). 
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tions that lead to better accuracy in gas-temperature measurement. Some or all 
of the following improvements might be made: 

1 . Increase he, perhaps by increasing the gas velocity in the vicinity of the thermo¬ 
couple probe. 

2. Decrease the emissivity of the probe. 

3. Insulate the duct wall such that the wall temperature more nearly approaches 
the gas temperature. 

4. Provide a shield or shields around the probe so that it does not radiate directly 
to the cold wall. Problem 45 shows the beneficial effect of one shield. 

19-19. Heat Transfer between Fluids. Consider the transfer of heat 
between two fluids separated by a wall, as shown in Fig. 19-17; the 



• ^ t2 h ^4 

0 ——VWW- AAA/'-WvW-- 0 

Fig. 19-17. Heat transfer through a boundary layer, a wall, and a second boundary 
layer. 


resistance to flow of heat is offered by a film (boundary layer) on the 
inner side of the pipe, by the metal of the pipe, and by a film on the outer 
side of the pipe. The resistance of this series path is equal to the sum 
of the individual resistances. As considered in Art. 19-5, 


XRt = 


1 In {rz/r 2 ) 1 

/112A2 2 ir/c 23 Z> 


and the heat transfer equals 


0 


ti — tj 

~YRt' 


(19-84a) 


(19-846) 


Example 12a. Determine the heat transfer between two fluids separated by a 
copper condenser tube of ^^-in. outside diameter, 6-ft length, and 0.1-in. wall thick¬ 
ness if the outer (steam) temperature is 212°F and the inner (water) temperature is 
60®F. Assume that the film coefficient is 280 Btu/(hr)(ft*)(®F) on the water side 
and 2000 Btu/(hr)(ft*)(°F) on the steam side, while the k value for copper is 220 Btu/ 
(hr)(ft)(°F). 
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Solution. The resistance of the path is found by Eq. (19-84a): 


and 


Aa * T 
Al T 
XRt 


(0.55) (6) 
12 

(0.75) (6) 
12 
1 


+ 


0.866 ft* 

1.18 ft* 

In (0.75/0.55) 


+ ; 


1 


280(0.866) ' (2r)(220)(6) ' 2000(1.18) 

- 0.004124 -f- 0.0000372 + 0.000424 - 0.00459 

(water aide) (tube) (steam aide) 

«-a-5W9 


The solution of Example 12a should be carefully examined because 
several important generalizations become apparent. 

1. The resistance to heat flow arises mainly from the films and not 
from the metal in the wall. 

2. The resistance of the condenser tube could have been neglected 
with a resulting error of less than 2 per cent. 

3. The total resistance is most strongly controlled by the film with 
lowest coefficient. Thus little gain would be obtained were the steam- 
side coefficient to be increased, but a large gain would result from an 
increase in the water-side coefficient. 

The fluids in industrial heat exchangers are often contaminated and 
form deposits on the exchanger surfaces, thus imposing another resistance 
to heat transfer. For certain situations, the effect of the deposit on 
heat transfer may be approximated by using the fouling factors listed 
in Table 19-4. A continuation of Example 12 illustrates the method of 
using these factors. 


Table 19-4. Fouung Factors 
(Standards of the Heat Exchange Institute) 


Situation 


Fouling factor, 
Btu/{hrHft^)m 


Organic liquids; refrigerating fluids; brine; clean recirculating oil; 
machinery and transformer oils; city, well, or treated water under 


125°F; sea water over r25°F. 10(X) 

Distilled water or sea water below 125°F. 20(X) 

River water under 125°F, velocity over 3 ft/sec. 5(X) 

River water over 125°F, velocity under 3 ft/sec. 250 

Crude oil. 2(X) 


Example 12b. Use the data in Example 12o, but include the effect of the deposit 
formed on the inside of the tube if river water flows through the tube at a velocity of 
5 ft/sec. 

Solution. From Table 19-4, the fouling factor is 500 Btu/(hr)(ft*)(®F); thus the 
additional resistance imposed by the deposit is 

“ (500) (0.866) “ 0.002309 
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and the total resistance is now 

XR, - 0.00459 + 0.002309 - 0.006899 
and 0 - - 22,000 Btu/hr Ans. 

19-20. The Over-all Coefficient. Without investigating the multiple 
films and conductivities that might be present in a heat exchanger, it 
can be premised that 

Q = U — ^i) ” — ^i) (19-85) 

[t;-] - 

Equation (19-85) defines the over-all coefficient of heat transfer ( 7 , also 
named the over-all conductance. Inspection of this equation and of 
Fig. 19-17 shows that such an over-all coefficient can be based upon either 


o 

a> 

o. 

6 

.O) 


Areo 
[b] 

Fig. 19-18. Temperature differences in condensation and evaporation, (a) Con¬ 
densation; (6) evaporation. 




the inner or outer area of the surface, and therefore the thermal resistance 


equals 


^Rt 


1 

A2L\ 


1 

AdJz 


(19-86) 


Example 18. Determine the over-all coefficient of heat transfer, based on the outer 
diameter of the tube, for the data of Example 12. 

Solution. Equation (19-86) and the data in Example 12 yield 

■ .iy, - 0.00459 thus U, = 185 Btu/(hr)(ft*)(''F) Ans. 

1. lot /3 

19-21. The Log Mean Temperature Difference. It has been tacitly 
assumed that the temperature of each fluid was constant throughout 
the heat exchanger; actually, this condition is not encountered in prac¬ 
tice. Consider steam condensing on the outside of a condenser tube 
with water flowing inside the tube as the coolant. The fluid temperature 
on the outside of the tube would be constant, as shown in Fig. 19-18a, 
but the coolant temperature would progressively, but not necessarily 
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linearly, rise from the inlet to the outlet of the tube. The inverse con¬ 
dition exists when a hot fluid is used for evaporating another fluid. Here 
the temperature of the hot stream continuously decreases in passing 
from inlet to outlet, as illustrated in Fig. 19-186. 

In many instances, one fluid travels along one wall of the exchanger, 
while the second fluid travels in the reverse direction along the other side 
of the wall; this is an example of a counterflow^ or countercurrent, heat 
exchanger (Fig. 19-19a). If both fluids travel in the same direction, then 
parallel flow results (Fig. 19-196). Usually, counterflow heat exchangers 
can transfer more heat than similar, but parallel-flow, exchangers. 




Fig. 19-19. Temperature differences in parallel and counterflow, (a) Counterflow; 
(6) parallel flow. 


For all these simple cases, an expression can be derivedf for the average 
or mean temperature difference between the two fluids in terms of the 
terminal temperature differences if it can be assumed that: 

1 . The coefficient U is constant throughout the exchanger. 

2 . The heat capacities of the fluids are constant. 

3. Condensation or evaporation does not occur in particular parts 
of the exchanger (but if these events occur throughout the exchanger. 
Fig. 19-18, the development is valid). 

4. The exchanger is perfectly insulated externally, and steady-flow 
conditions exist. 

When the heat capacities are constant, the change in temperature of 
either fluid is a linear function of the rate of heat addition or rejection 
per unit length: 


dt 


dt 

dZ ~ dL 

rhfCp (a constant if Cp is constant) 


(a) 


t Derivation suggested by that of McAdams.‘ 
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Table 19-6. Representative Values op the Over-all Coefficient U ] 


Situation 

Brick wall, 8 in. thick (air to air). 

Frame wall construction, face-brick veneer exterior, 3^^-in. gypsum- 
board sheathing, 3^^-in. air space (between studding), 3’i-in. insu¬ 
lating-board interior (air to air). 

Same with 3-in. thickness of insulation [k equal to 0.022 Btu/ 

(hr)(ft)(°F)] in air space (air to air). 

Liquid to liquid: 

Free convection, water. 

Forced convection, water. 

Liquid to air: 

Free convection.r. 

Forced convection. 

Liquid to boiling liquid; 

Free convection, water. 

Forced convection, water. 

Condensing steam to liquid: 

Free convection. 

Forced convection. 


U, 

Btu/(hr) (ft*) m 
. .. 0.48 


0.24 

0 065 

25-60 

150-300 


1- 3 

2 - 10 

20-60 

50-150 

50-200 

150-800 


t First three items of table from the “Heating, Ventilating, Air Conditioning Guide’' 
published annually by the American Society of Heating and Air Conditioning Engi¬ 
neers. In these three items, still air with a surface coefficient of 1.46 Btu/(hr)(ft*) (°F) 

is assumed for the inside of the wall and a 15-mph wind giving a surface coefficient of 

6.00 Btu/(hr)(ft*)(°F) is assumed for the outside of the wall. 

Remainder of table from J. H. Perry (ed.), “Chemical Engineers’ Handbook,” 
3 d ed., McGraw-Hill Book Company, Inc., New York, 1950. 

In Fig. 19-20a the temperature of each fluid is plotted versus the quantity 
of heat transferred, that is, the heat-transfer rate integrated from the 
inlet of the exchanger (L = 0) to an intermediate position (L). For 
example, the integrated heat-transfer rate (J^tai for the entire exchanger 
is 

_ dQ 

Vtotai — / -jr 

y inlet CtL 

In accord with Eq. (a), a linear relationship is obtained in Fig. 19-20a. 
It follows that the temperature difference between fluids Af is also 
linear. The slope of At in P'ig. 19-206 is seen to be 

_ d{M) ^ Afi - A fg 

m/dL) dL 

But by definition of the conductance, 
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Eliminating {d(l/dL) dL from the above equations, 

d{£d) ^ All — Atj jj ^ 

yinlct 


/*Ali 




Q 


'total 


U'^dL 

aL 


or, for constant f/, 


Q total 


UA 


Ai\ — A^2 
In {Ati/At 2 ) 


And, by definition of the over-all conductance, 

Qtotal U A Atm 


Then the average temperature difference, the logarithmic mean temperature 
difference^ is equal to 


^ AU - AU 
In (A<i/A^ 2 ) 

which is easier to remember in the form 

A j _ A^io ““ A^oui 

- In (A^,„/A/^0 


(19-87o) 


(19-876) 


Equation (19-876) applies to countercurrent flow as well as to parallel 
flow and, also, to any exchanger wherein one of the fluid temperatures 



Inlet Heot tronsferred Outlet 
C^totol 


(a) 



^totol 

[t) 


Fig. 19-20. (a) Temperatures and (6) temperature differences in a parallel-flow 
exchanger (when c is constant). 


remains constant (Fig. 19-18). When Ati^ and A/out in Eq. (19-876) 
approach the same value as may occur in a counterflow exchanger, the 
arithmetic mean temperature difference may be more readily calculated 
(with less possibility of error): 


A/in ”f" A/out 
2 


A/. 


(19-88) 
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19-22. Mean Temperature Differences for Complex Heat Exchang¬ 
ers, t The flow in commercial heat exchangers does not usually follow a 
simple pattern. In Fig. 19-21 is shown a typical heat exchanger which 
consists of a shelly baffles to direct the flow of the shell-side fluid, and tubes 
to carry the second fluid. Note that the shell fluid makes two shell passes 
because of the presence of the longitudinal baffle. The tube fluid makes 
four tube passes because the flow is passed four times through the shell 
by the tube arrangement. This can be called a two-shell-pass^ four-tube- 
passy reversed-current exchanger. Here it should be noted that the flow is 
a combination of parallel, countercurrent, and crossflow. The latter term 
applies when one fluid flows perpendicularly to the tube arrangement, a 
condition achieved in Fig. 19-21 by the cross baffles. 

The analysis of the mean temperature difference in real heat exchangers 
becomes quite complex, but theoretical analyses have been published, 



Fig. 19-21. Two-shell-pass, four-tube-pass, reversed-current heat exchanger. 

in the form of correction factors for various types of heat exchangers, to 
be used to modify the logarithmic mean temperature difference. The 
same assumptions as those that were outlined in Art. 19-21 were made in 
the analyses, with the additional condition that the fluids were well mixed; 
that is, at any one section of a pass, the temperature of the fluid is uni¬ 
form. Then the real temperature difference has been arbitrarily related 
to a Atm computed as if counterflow were present: 

Atm = Y Atmcf (19-89) 

where Y is obtained from Fig. 19-22. The parameters X and Z are based 
upon 

ti entering cold fluid entering hot fluid 

t'f leaving cold fluid t'^ leaving hot fluid 

t Kays and Ix)ndon* describe a method, the effectiveness-number of exchanger heat 
transfer units (NTU) approach, which, in some cases, simplifies the calculations for 
complex exchangers. 
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The steep gradient of the curves in Fig. 19-22 at low values of V may cause 
extreme errors in design. Since the theoretical development rests upon 
certain restricting assumptions, values of V less than 0.8 are also more 
susceptible to error and therefore are not recommended by the authors 
of Fig. 19-22. 





Fig. 19-22. Mean temperature difference in reversed-current and crossflow heat 
exchangers. (A) 1 shell pass and 2, 4, 6, etc., tube passes. (B) 2 shell passes and 
4 , 8, 12, etc., tube passes. (C) 3 shell passes and 6, 12, 18, etc., tube passes. (/>) 
4 shell passes and 8, 16, 24, etc., tube passes. (F) 1 shell pass and 3, 6, 9, etc., tube 
passes. (/) Crossflow, 2 tube passes, shell fluid flows over second and first passes in 
series. [R. A. Bowman, A. C. Mueller, and W. M. Nagle, Trans. ASME, 62: 283-294 
(May, 1940).] 


Example 14. What style of heat exchanger will require the least area for conditions 
of heating a cold fluid from 160 to 260°F while cooling a hot fluid from 300 to 200®F? 
(Assume same U for all exchangers.) 

Solution. The log mean temperature difference for counterflow is 

(300 - 260) - (200 - 160) 

~ In (*%o) 

or, by inspection, 40°F. The parameters X and Z are 


A' 


260 - 160 
300 - 160 


0.715 


300 - 200 
^ " 260 - 160 


1.0 
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With these data and Fig. 19-22, 


Exchanger 

Chart 

Y 

°F 

Countercurrent flow. 


1.0 

40.0 

Four-eight multipass. 

D 

0.90 

36.0 

Crossflow. 

I 

0.73 

29.2 

Two-four multipass. 

B 

0.645 

25.8 

One-three multipass. 

F 

Impossible 


One-two multipass. 

A 

Impossible 


Parallel flow. 


Impossible 



Pure counterflow will require the least area (although economic and space considera¬ 
tions may cause the selection of a multipass or crossflow exchanger as being most 
desirable). 


PROBLEMS 


Articles 19-1 to 19-4 

1. (a) Determine the value of a in Eq. (19-7) to best represent the thermal-con¬ 
ductivity data for copper in a range of temperatures from -100 to 1000®F (Table B-12), 
and (6) obtain an expression for the mean thermal conductivity km for a substance 
having a conductivity-temperature relationship of k kail bt^), where 6 is a 
constant. 

2 . From the temperature distribution in the solid shown in Fig. 19-4, determine 
if k for the material (o) decreases with increasing temperature, (b) increases with 
increasing temperature, or (c) is constant. 

8. A standard 2-in. cast-iron pipe (ID 2.07 in., OD 2.37 in.) is insulated with an 
85 per cent magnesia, 15 per cent asbestos insulation of apparent density 13 lbn./ft^ 
The temperature at the interface between the pipe and insulation is 400°F. The 
allowable heat loss for the material flowing through the pipe is 200 Btu/hr per foot 
of pipe length, and for safety the temperature of the outside surface of the insulation 
must not exceed 150°F. Determine (a) the minimum thickness of insulation required 
and (6) the temperature of the inside surface of the pipe. 

4 . Heat is conducted unidirectionally in the x direction through a large plane wall 
of thickness Xi with surface temperatures <o at x = 0 and at x = Xi. The thermal 
conductivity of the wall material varies with x as follows: 

K _ ^0 

1 -f Bx/xi 

where ko is the thermal conductivity at x = 0 and B is a positive constant, (a) 
Derive an expression for the steady-state conduction heat transfer per unit area of 
wall surface in terms of B, ko, to, ti, and Xi. (6) At what location x does the tempera¬ 
ture gradient attain a maximum absolute value? 

B. It is sometimes convenient to consider steady-state, unidirectional heat conduc¬ 
tion through the walls of cylinders and spheres by means of an equation similar to the 
plane-wall conduction equation 


a 


km Am At 
wall thickness 
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where Am is a mean area of the cylinder or sphere that gives the same value of ^ as 
that obtained from Eq. (19-16) or (19-17). Determine Am for a cylinder of surface 
area Ai and surface temperature h at inner radius ri and of surface area Ai and 
temperature /a at outer radius ra. 

Ans. Am * (Aa — Ai)/ln (Aa/Ai) denoted as the logarithmic mean area. 

6 . Repeat Prob. 5 for a hollow sphere of inner radius ri, area Ai, temperature h 
and of outer radius ra, area A a, temperature U. 

7 . During the morning, the sun shines on the outer surface of a 6-in.-thick con¬ 
crete wall. Thermocouples embedded in the wall at various locations along the 
thickness of the wall {y direction) indicate that, at one particular time of day, the 
temperature distribution in the y direction may be represented as t * 100 — QQy -f 

— 16?/^ + 64?/'', where t is in degrees Fahrenheit and y is in feet. Determine 

(а) the outer and inner surface temperatures of the wall at this time, (6) the rate of 
heat transfer per unit wall area at the inner and outer surfaces, (c) the rate at which 
energy is being stored in, or released by, the wall at this time. 

Article 19-5 

8 . Derive an equation for the heat transfer through a composite plane wall of two 
different materials without using the electrical analogy. Solution procedure: (a) 
Set up Eq. (19-12) for each section of the wall, and note that A< has different subscripts. 

( б ) Solve each equation for M. (c) Add the equations together, and note that 
At 12 4" A /23 “ Atiz. (d) Simplify. 

9 . Repeat Prob. 8, but assume a composite cylinder of two different materials. 

10 . Determine the heat loss per square foot of furnace wall when the wall is made 
up of 6 in. of firebrick (/:„ * 0.8 Btu/(hr)(ft)(®F)), 6 in. of insulating material [km = 
0.075 Btu/(hr)(ft)(®F)], and 2 in. of concrete [km — 0.44 Btu/(hr)(ft)(°F)] and the 
inside and outside surface temperatures are, respectively, 1900 and 120®F. 

11 . An 8-in.-diameter (nominal size) steam line carrying saturated steam at 
250 psia is to be insulated with a 1-in. thickness of material with km — 0.05 Btu/ 
(hr)(ft)(°F). If the outside surface temperature is 90°F, determine the heat loss 
for a length of 200 ft. 

12 . A furnace wall of magnesite brick is 12 in. thick and is to be covered with 
diatomaceous earth insulation (apparent density 18 lb/ft’) of sufficient thickness to 
limit the heat loss to 500 Btu/(hr) (ft*). Assuming that the outer surface temperature 
of the insulation will be about 80°F, while the inner surface temperature of the furnace 
is known to be 2200°F, calculate the required thickness of the insulation. 

13 . A large plane wall is composed of an 8-in. layer of refractory brick [assume 
km constant and equal to 0.75 Btu/(hr)(ft)(°F)] and a 2-in. layer of insulating material 
with thermal conductivity which varies with temperature as A: = 0.02 -f 0.0001f, 
where t is in degrees Fahrenheit and k is in Btu/(hr)(ft)(°F). If the surface tempera¬ 
tures of brick and insulating material are 2000 and 100°F, respectively, determine the 
temperature at the interface between brick and insulating material. 

Articles 19-6 to 19-8 

14 . Assume for a particular case of convection heat transfer between a surface 
and a fluid, as shown in Fig. 19-8, that the variation in temperature with y {ty in 
degrees Fahrenheit) through the boundary-layer region 0~B of thickness B may 
be expressed as 

/ / _ 155^ j. 200^ 

h ^ i, B ^ B* 

Utilizing this expression for the temperature distribution in air when t, » 300®F and 
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B « 0.05 in., determine (a) the air temperature at j/ ■* B, (b) a value for the convec¬ 
tion heat transfer per unit area between surface and air, and (c) the value of the con¬ 
vection coefficient he. 

16 . Complete the derivation discussed in Art. 19-7, and obtain an expression of the 
same form as Eq. (19-30). 

16 . By means of dimensional analysis, determine an expression for the height a 
liquid will rise in a vertical capillary tube. The height may be assumed to be a 
function of the fluid density, inner tube diameter, fluid temperature, and fluid surface 
tension. Compare your expression with the equation for this phenomenon, which 
may be found in most elementary physics textbooks. 

17 . Convert Eq. (19-30) to the form in which Stanton number equals a function 
of Reynolds and Prandtl numbers, and evaluate the necessary constants and expo¬ 
nents. Is the equation in terms of Stanton number of any greater utility than Eq. 
(19-30)? 

18 . Substitute the average values of the properties of air at room temperature into 
Eq. (19-49), and reduce to Eq. (19-50). 

19 . Determine the average convection coefficient for the flow of water w ith velocity 
of 5 ft/sec through 1-in.-outside-diameter No. 16 BWG tubes. The water enters the 
tubes at 60°F and leaves at 70°F. Data for water at 65°F: Cp *= 0.999 Btu /(Ibp,) (°F); 
p « 62.3 lb„/ft»; - 2.54 lb,„/(ft)(hr); k = 0.346 Btu/(hr)(ft)(°F). 

20 . If it were desired to increase the convection coefficient calculated in Prob. 19, 
would it be better to maintain the same velocity and halve the tube diameter or to use 
the same size tube and double the water velocity ? 

21 . Superheated steam at 20 psia and 400°F flows through the annular space of a 
double-pipe heat exchanger at the rate of 240 lbn,/hr. The inner diameter of the 
outer tube is 2 in., and the outer diameter of the inner tube is 1 in. If the steam leaves 
at a temperature of 250®F, determine the convection coefficient. 

22 . Water is flowing over an eight-row bank of staggered tubes of 1 in. outside 
diameter with a mean velocity through the smallest opening of 6,000 ft/hr. If the 
average film temperature is 65°F, calculate the average convection coefficient. (See 
Prob. 19 for property data.) 

28 . Air at atmospheric pressure and an average temperature of 300®F flows through 
a duct 10 in. in diameter at a rate of 100,000 ft®/hr. Two tubes are placed at right 
angles to the direction of flow and far enough apart so that one does not interfere 
with the other. The outside diameters of the two tubes are 2 and 3^ in., and a fluid 
at 100°F evaporates as it flows through the tubes. Find (a) the ratio of he for the 
small tube to he for the large tube and (6) the ratio of the convection heat transfer 
from the small tube to that from the large tube. 

24 . Show that at small velocities the reference temperature t* given by Eq. (19-46) 
reduces to the film temperature defined by Eq. (19-29a). 

25. A flat plate 4 in. long is moving in air at atmospheric pressure and a temperature 
of 200°F. For what plate velocity would no external heating or cooling be required 
to maintain the plate at a temperature of 300®F? 

26 . Equations (19-38) and (19-40) give the values of the convection coefficient at 
particular distances (x) from the leading edge of a thin, flat plate, and Eqs. (19-39) and 
(19-41) yield the average values of the convection coefficient over the length of the 
plate, (a) Show that the average convection coefficient for laminar flow over a 
plate of length L is equal to a constant times the local convection coefficient at x * L, 
and determine the numerical value of the constant. (6) What is the value of the 
local convection coefficient at the plate's leading edge (x —0)? By consideration 
of the expected change in boundary-layer thickness along the length of the plate, show 
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that the numerical value given by the equation at x » 0 is logical, though not attain¬ 
able in practice. 

27 . Prepare a sketch of the cross section of a short tube having a sharp-edged 
entrance. Visualize the expected change in boundary-layer thickness along the 
length of the tube (similar to that on a flat plate), and show that the multiplication 
factor given in item 5, part a, of Art. 19-8 tends to influence the value of in a proper 
manner. 

28 . Both experiment and theory show that the drag force Fd caused by the skin 
friction between a flat plate of unit width and length L and a gas flowing in laminar 
motion along its length is 


Fd 


Cf 


2g, 


where V* is the free-stream velocity and C/ is the average value of the skin friction 
coefficient, which may be expressed as C/ « 1.328(LV^//i*«)“® *. Compare the 
expression for the skin friction coefficient with Eq. (19-39), assuming a Prandtl 
number of unity (nearly valid for most gases). Obtain a simple relationship between 
St and Cf in support of Reynolds’ analogy (footnote, page 388). Now using the 
relationship between St and Cf and Eq. (19-41), obtain an expression for the average 
value of C/ for the case of a turbulent boundary layer on a flat plate. The experi¬ 
mental value oi Cf for this case is known to be equal to 0.074(LV^p/Mm)"® *. 


Articles 19-9 to 19-18 

29 . Verify Wien’s displacement law by finding the maximum value of Eq. (19-64). 
The final step is by trial. 

80 . An icehouse is to be built. What color would you paint it? , Explain. 

81 . Two pieces of wood are placed in sunlight; one piece is painted white and the 
other black. Which piece will absorb more radiation? Explain. The same two 
pieces of wood at room temperature are laid on the ground at night in midwinter. 
Which piece will cool faster? Explain. The same two pieces of wood are placed 
before an infrared heat lamp. Which piece will absorb more radiation? Explain. 

82 . Repeat the derivation of Eq. (19-69), but sum the net radiation leaving the 
black plane and find (J 21 . 

88 . Repeat the derivation of Eq. (19-69), but assume that the one plane is not gray 
because the absorptivity for incident radiation at Tj is not equal to the emissivity of 
the plane at Ti. 

84 . Compute the heat lost by radiation from a cast-iron oxidized furnace door at 
400®F; the furnace is located in a large room with a temperature of 80®F. The 
dimensions of the door are 2 by 3 ft. If the absorptivity of the door for low-tempera¬ 
ture radiation is only three-quarters of that for high-temperature radiation, will the 
answer be changed? 

86 . In a room 12 ft wide, 16 ft long, and 9 ft high, one of the 9- by 12-ft walls is a 
radiant heating panel. What per cent of the radiant energy emitted by the panel is 
absorbed by (a) the floor, (6) the ceiling, (c) the two adjacent walls, (d) the opposite 
wall? Assume that all surfaces have an emissivity and absorptivity of unity. 

86 . Calculate the heat-transfer rate between a radiant panel in the ceiling of a 
small furnace and the floor if the dimensions are 2 by 2 ft with a height of 2 ft. The 
temperature and emissivity of the radiant panel are 1900*’F and 0.80, while for the 
floor the corresponding values are 400®F and 0.78. At the end of several hours, the 
floor temperature is lOOO^F and emissivity is 0.79. What is the heat-transfer rate 
for these conditions? 
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37 . A liquid at — 100°F is placed in the inner container of a vacuum bottle which 
can be considered to be a sphere of 5 in. diameter. The outer shell of the sphere has a 
diameter of 6 in. and temperature of 60°F. If the emissivity of the container is 0.04, 
determine the radiant heat exchange. 

38 . A 2-in. oxidized steel pipe is located centrally in a concrete tunnel of square 
cross section 2 ft on each side. If the temperature of the Walls of the tunnel is 80°F 
and that of the pipe is 300°F, determine the radiant heat transfer per foot of length 
by an approximate method and by a more exact method. 

39 . Repeat Prob. 38, but assume that the emissivity of the walls of the tunnel is 
only 0.10. 

40 . If the pipe in Prob. 38 is painted with aluminum paint, what will be the radia¬ 
tion heat transfer per foot? 

41 . Calculate the radiation heat transfer in the studding of the walls of a house 
if the brick surface is at — 10°F and the plaster surface is at 80°F. Repeat, but assume 
that both surfaces are covered with aluminum foil with an emissivity of 0.10 and that 
the temperatures remain essentially as before. 

42 . It has been suggested that the walls of refrigerators might be made thinner by 
lining the inside of the outer metal wall with aluminum foil (sheet a), lining the out¬ 
side of the inner wall with foil (sheet c), and supporting a third sheet of foil (bright 
on both sides) between them (sheet 6). The entire space between outer and inner 
walls would then be evacuated to minimize convection heat transfer. Assume the 
emissivity of foil to be 0.10 and determine (a) the temperature of sheet b if sheet a 
is at 80°F and sheet c is at 0®F, (b) the radiation heat transfer per unit surface area of 
wall, and (c) the thickness of cork needed to provide the same insulation. 

43 . A mercury-in-glass thermometer, 0.36 in. diameter and 1 ft long, is suspended 
in a large, electrically heated drying oven containing still, dry air. The convection 
coefficient between air and thermometer is 1.0 Btu/(hr)(ft*)(°F). The thermometer 
indicates a temperature of 600°F, and the walls are at a uniform temperature of 620®F. 
Determine the true value of the air temperature. 

44 . A thermocouple is housed in a i^^-in.-diameter oxidized steel tube which is 
placed at right angles to the direction of gas flow in a 3-ft-diameter duct. When the 
gas velocity is 15 ft/sec and the duct wall temperature is 600°F, the thermocouple 
indicates a temperature of 900°F. Neglecting conduction heat transfer, calculate 
the true gas temperature, and recommend two or more modifications of the system 
which would reduce the thermocouple error. Gas properties are Cp *= 0.25 Btu/ 
(lb,n)(°F); M/ = 0.20 X 10-9 lb/ hr/ft*; k = 0.022 Btu/(hr)(ft)(°F); p * 0.04 lb,n/ft». 

46 . In Example 11, the true gas temperature was computed as 1023°F from an 
unshielded thermocouple reading of 797°F. Assuming the true gas temperature to be 


Fluid 


a 


^Thermocouple 

'^Shield 


Duct wall 


Fig. 19-23. Problem 45, a shielded thermocouple. 


1023°F, what temperature would the thermocouple indicate if it were shielded from 
radiation interchange with the duct walls at 613®F by a single shield, as shown in 
Fig. 19-23? The shield is made of thin metal (e «■ 0.2) and is 1 in. in diameter and 
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5 in. long. The convection coefficient between the air and the shield is 5 Btu/ 
(hr)(ft*)(°F). Suggested solution: (a) Prepare an energy balance for the shield, 
discard a small term (or terms), and solve for the shield temperature, (h) Make an 
energy balance for the thermocouple assuming the thermocouple “sees” only the 
shield, and determine the thermocouple temperature. Ans. tp =* 964°F. 

Note: More than one shield may be necessary to attain accurate readings. Kingf 
reports on an experiment in which gas at 1400®F passed through a duct at about 
1000°F. The temperature measured by an unshielded thermocouple was about 
1310°F; a 1-in .-diameter, 3-in.-long single shield reduced the error to approximately 
50®F; and four concentric shields were necessary to decrease the error to about 10®F. 

46 . An electrically heated wire of polished aluminum, 0.125 in. diameter, is sup¬ 
ported horizontally in a galvanized iron duct 24 in. square. The outer surface of the 
duct is well insulated, and air at a pressure of 0.90 atm absolute and a temperature of 
70®F flows through the duct normal to the wire at a velocity of 30 ft/sec. Calculate 
the energy input to the wire to maintain it at a temperature of 500°F if (a) convection 
heat transfer only is considered and (b) both radiation and convection heat transfer 
are considered. 

47 . A mercury-in-glass thermometer, 0.35 in. in diameter and 12 in. long, is sus¬ 

pended in a large refrigerated room containing still, dry air. The refrigerant pipes 
are located in the walls of the room, and it may be assumed as a first approximation 
that the room walls are at constant temperature. The emissivity of the walls is 0.9, 
and the convection coefficient between the air and the thermometer is 0.5 Btu/ 
(hr){ft*)(®F). (a) Explain whether the true value of the air temperature is less or 

greater than that indicated by the thermometer, (b) Compute the true value of the 
air temperature when the wall surface temperature is — 20°F and the thermometer 
reads a temperature of 0°F. 

Articles 19-19 19-22 

48 . Derive Eq. (19-84a) without using the electrical analogy. (Follow the pro¬ 
cedure described in Prob, 8.) 

49 . Water or steam flows through the inside of tubes in a steam generator and 
receives energy by convection and radiation heat transfer to the outer surfaces of the 
tubes. Such tubes tend to burn out when deposits form on the inside of the tubes. 
Why? 

60 . Assuming Fig. 19-17 represents the cross section of a hollow sphere, obtain an 
expression of the form of Eq. (19-84a) for a thermal resistance. Also find an expres¬ 
sion for f/s. 

61 . Repeat Example 12, but assume that the steam-side coefficient was increased 
by 50 per cent. Repeat the same problem, but assume that the water-side coefficient 
is increased by 50 per cent. 

62 . Repeat Example 12, but assume that the water side has a scale deposit (and, 
of course, the usual fluid film), with h of 250 Btu/(hr)(ft*)(®F). 

68 . Repeat Example 13 but find the over-all coefficient based on the inner area 
of the tube. 

64 . Determine the over-all heat-transfer coefficient for a 1-in.-outside-diameter 
condenser tube [k — 80 Btu/(hr)(ft)(°F)] with a wall thickness of 0.049 in. if the 
steam- and water-side coefficients are, respiectively, 1000 and 600 Btu/(hr)(ft*)(®F). 

66 . Determine U for a brick wall 8 in. thick with still air on the inside and a 15-mph 

t W. J. King, Measurement of High Temperatures in High-velocity Gas Streams, 
Trans. ASMS, 66 : 421-431 (July, 1943). 
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wind on the outside. Compare with the value for U given in the table in Art. 19-21. 
See footnote to Table 19-5 for surface coefficient values. 

66. Determine U for a window consisting of a single pane of glass ^ in. thick with 
still air on the inside and a 15-mph wind on the outside. Now assume that a well- 
fitted storm window of \i-in. glass is installed over the window such that a 2-in. air 
space is formed between windows. Compute U for this arrangement. The “Heat¬ 
ing, Ventilating, Air Conditioning Guide” referred to in Art. 19-21 gives U for the 
single pane of glass as 1.13 Btu/(hr)(ft*)(°F) and U for the two-window combination 
as 0.63 Btu/(hr)(ft*)(°F). Explain the discrepancy between the computed values 
and the values recommended by the guide. 

67 . Derive Eqs. (19-87) for a counterflow heat exchanger. 

68. Draw diagrammatic sketches of each of the heat exchangers mentioned in Fig. 
19-22. 

69 . Explain why, in Example 14, certain types of heat exchangers could not be used 
for the given data. 

60 . A heat exchanger is to be built to heat water from 90®F at the rate of 30,000 lb«,/ 
hr while cooling 20,000 Ibm/hr of water from 190 to 150°F. The over-all coefficient U 
is 300 Btu/(hr)(ft*)(®F). Determine the area necessary for parallel and counterflow 
operation and by using a one-two reversed-current exchanger. What does the com¬ 
puted area represent? 

61 . Hot gases at 800°F are to be used to heat 100,000 Ib^/hr of water from 100 to 
300°F while the gas temperature decreases to 400°F. For an over-all coefficient of 
10 Btu/(hr)(ft*)(®F), compute the area of exchanger necessary for (o) parallel flow, 
(6) counterflow, (c) four-eight reversed-current exchanger. Precisely what area 
has been calculated? 

62 . A double-pipe heat exchanger contains 10 ft* of heat-transfer surface. Steam 
condensing in the annular space at 250°F heats water as it passes through the inner 
pipe. When first placed in service, water in the amount of 1,000 Ibm/hr was heated 
from 100 to 200°F by the condensing steam. After several weeks of operation, it was 
found that the 1,000 Ibm/hr of water could be heated only from 100 to 175°F by the 
condensing steam. Assuming that dirt deposit on the tube has caused the change, 
compute the fouling factor that has developed. 

63 . A double-pass heat exchanger is to condense without subcooling 2,000 Ibm/hr 
of steam initially saturated at 1.5 in. Hg absolute pressure. The cooling (river) 
water enters at 60°F and leaves at 70®F through 1-in.-outside-diameter No. 16 BWG 
tubes (70 per cent copper, 30 per cent zinc). For an effective length of condenser of 
10 ft, calculate the area and number of tubes required if the steam-side coefficient is 
1000 Btu/(hr)(ft*)(°F), and determine the over-all coefficient based upon the outside 
tube area. (See Prob. 19 for water-property data.) 

64 . Repeat Prob. 63 using most of the data, except that the water velocity is 
specified to be 5 ft/sec. 

66. In Prob. 21, water is flowing through the inner tube, which has a wall thickness 
of 0.049 in. and k of 60 Btu/(hr)(ft)(®F). What length of pipe is necessary to heat 
compressed water from 150 to 225°F by (a) counterflow and (5) parallel flow? How 
much water can be thus heated? 



CHAPTER 20 


ADVANCED TOPICS IN HEAT TRANSFER 

The nation that has the schools has the future. 

Bismarck 


The principles of heat transfer have been used to analyze many 
systems of engineering importance. A few such cases are described in 
the following articles.! 

20-1. Steady-state Conduction with Internal Heat Generation. In 

many situations of practical importance, heat is generated within a solid, 
conducted to the surface, and dissipated to the surroundings by convec¬ 
tion and radiation. Examples are the passage of electricity through a 
conductor with a consequent Joulean heat 
generation and the fission heat generated 
within a nuclear reactor. In these circum¬ 
stances, the heat transfer from the solid surface 
and the temperature distribution in the solid 
are of interest. Frequently the temperature 
distribution is of major concern, because the 
allowable rate of heat generation is usually 
controlled by a temperature limitation, which, 
if exceeded, might result in failure of the solid. 

Consider a rod of length L and outer radius 
r 2 , as shown in Fig. 20-1. Let w be the rate at 
which heat is generated per unit volume of rod [Btu/(hr)(ft*)], and 
assume that conduction occurs only in the radial direction. The total 
heat generated in the rod per unit time and, for steady-state condi¬ 
tions, the rate of heat transfer at the surface, Q 2 , is 

Clt = JZrrrL dr (20-1) 

Considering an arbitrary radius r in the solid, the heat generated in 

t In this chapter, each article is a separate and independent unit. After completing 
the preceding chapter, these articles may be studied in any order, or if desired, each 
of these articles may be taken up at appropriate times during the study of the preced¬ 
ing chapter. For example, Art. 20-1 may be assigned upon completion of Art. 10-4. 



Fig. 20-1. Radial conduc¬ 
tion in a rod with internal 
heat generation. 
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the volume from 0 to r is equal to the conduction heat transfer at r: 


• dt 

Qr = — k2TrL -j- = I i*i2irrL dr (20-2) 

ar Jo 

The manner in which the rate of heat generation varies with radius must 
be known to evaluate Eqs. (20-1) and (20-2). 

As a simple case, assume that co is constant. Evaluating Eq. (20-2), 

-kdt = ^— (20-3) 


Integrating Eq. (20-3) between <i at r = 0 and t at r, 

- 0 = 


(20-4) 


Solving for t, the temperature distribution in the rod, gives 

< = ^ (20-5) 

For the case of constant co, Eq. (20-5) shows that the maximum value of 
temperature occurs at the geometric center of the rod. 

An expression for Q 2 , the rate of heat transfer at the surface, can be 
obtained by first writing Eq. (20-4) for the surface (r = r 2 ): 


km{ti - < 2 ) = 


cor2^ 


( 20 - 6 ) 


Then, evaluating Eq. (20-1) for constant a?, 

Q 2 

TLr2^ 

Finally, by Eqs. (20-6) and (20-7), 

Q2 — 4 wkmL{ti — 12) 


(20-7) 

(20-8) 


By the same means, expressions similar to Eq. (20-8) can be obtained 
for other shapes of simple geometry assuming a constant rate of heat 
generation. 

a. The Plane Wall (Conduction in the x Direction Only) 


^ 2kmA{ti - < 2 ) 
' 0:2 — Xj 


(20-9) 


The wall is perfectly insulated at xi (if surface and surrounding tempera¬ 
tures are identical on both sides of the wall, then, by symmetry, the mid¬ 
plane of the wall can be considered a perfectly insulated (adiabatic) 
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surface]. Conduction occurs through the constant area A from to 
X 2 . The surface at X 2 loses heat at the rate ^2 to the surroundings. 

6. The Solid Sphere {Conduction in the r Direction Only) 

= Sirk^Tiiti - h) ( 20 - 10 ) 


Outer radius r 2 of the sphere is at temperature ^ 2 , and h is the temperature 
at the geometric center. 

Example 1. A 66,000-volt copper electrical transmission line is carrying a current 
of 840 amp. The diameter of the line is 0.811 in., and the electrical resistance of the 
copper conductor is 0.1196 ohm/mile. Assuming that the surroundings are at 
100°F and that the combined convection and radiation coefficient for heat transfer 
from the wire surface to the surroundings is 2.5 Btu/(hr)(ft*)(°F), determine (a) the 
surface temperature of the transmission line, (6) the rate of heat generation per unit 
volume of wire, and (c) the maximum temperature in the line. 

Solution, (a) Under steady-state conditions, the heat generated in the wire must 
be dissipated from the wire surface by convection and radiation to the surroundings. 
Thus by Eq. (19-6) 

(840)«(0.U96) = 84,300 watts/mile - 54.5 Btu/(hr)(ft) = 2.5 (<j - 100) 


Solving, ti (wire surface temperature) == 103 H- 100 » 203°F Ans. 

(b) As a first approximation, assume that the line is of solid copper and that heat 
is generated at a uniform rate over the wire cross section. By Eq. (20-7), 


54.5 Btu/(hr)(ft) 


7rM(0.811)*(l) 

(4)(144) 


Solving, w = 15,200 Btu/(hr)(ft*) Ans. 

(c) Assuming a constant rate of heat generation, the maximum temperature in the 
line will occur at the geometric center of the wire and may be computed by Eq. (20-6): 


ti) 


«r2* 

~r 


Evaluating k^n for copper (Table B-12) at an estimated mean temperature of 210®F, 
- 220 Btu/(hr)(ft)(°F). 


(15,200)(0.405)* 
(4) (144) (220) 


+ 203 = 0.02 H- 203 - 203.02°F Ans. 


The small difference between surface and center temperature results from the rela¬ 
tively small heat-generation rate and the high thermal conductivity of copper. To be 
strictly correct, should be again evaluated at a temperature of 203.01 °F; however, 
the computed temperature changes only slightly with the corrected thermal-conduc¬ 
tivity value. 


20-2. Extended Surfaces, f Figure 20-Sa shows one type of extended 
surfaccy in this instance a rod attached to a plate at temperature h and 
extending into a fluid at a lesser temperature to^ Heat from the hot 
surface is conducted through the rod and transferred by convection and 


t If desired, this article may be assigned upon completion of Art. 19-17. 
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radiation from the sides of the rod to the surrounding fluid and solid 
surfaces. 

Extended surfaces (commonly called fins) are frequently placed on 
heat-exchanger tubes to increase the total area for heat transfer; this 
results in an exchanger of smaller dimensions (a compact heat exchanger). 
However, the gain in heat transfer with fins is not directly proportional 




Fig. 20-3. Finned surfaces, (a) Straight fins of rectangular profile; {h) circular fins of 
rectangular profile; (c) straight fins of triangular profile. 

to the increase in surface area, because the sides of the fins are at a 
temperature less than ti. Hence the temperature difference for convec¬ 
tion and radiation from the exposed fin surface is less than that for the 
bare tube. A few of the many types of fins are shown in Fig. 20-3. 

Consider again the fin of total length L (Fig. 20-2). From an energy 
balance on the elemental fin volume shown in Fig. 20-26, the variation 
of fin temperature t with length x can be found. The temperature of 
the fin, t, is assumed constant over any cross-sectional area A, and thus 
conduction is considered to occur in the x direction only.f 

t At this point, the careful reader inquires: If t varies only with x, how does the heat 
get out of the sides of the fin? The only possible viewpoint is that i really varies both 
with X and with directions perpendicular to x, so that in reality the problem is a com¬ 
plex one of multidimensional conduction. However, one reasons (or perhaps merely 
hopes) that the predominant variation of f is along the x direction, establishes a 
mathematical model on this basis, and achieves a reasonably simple solution. For- 
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Assuming steady-state conditions, an energy balance shows that the 
rate of heat conduction into the incremental volume at x is equal to the 
rate of heat conduction out of the volume a,t x + Ax plus the rate of 
surface heat transfer by convection and radiation: 

= Qx+a, + hb(t - t.) dx (20-11) 


But, by the mean value theorem of the differential calculus. 


Qz^Lx = + 



Ax 


(20-12) 


where dQx/dx is evaluated at x, a point between x and x -1- Ax, In 
addition, by the mean-value theorem of the integral calculus. 


hb{t -Qdx = hb Ax(« - g . (20-13) 

J X X 


where /i, 6, and — Q are evaluated at x, a point (not necessarily at the 
same location as x) between x and x + Ax. 

From Eqs. (20-11), (20-12), and (20-13), 


dx t 


+ hb(t - to) 


= 0 


(20-14) 


But Ax is an arbitrary length, and hence, as Ax is allowed to approach 
zero, dQxfdx approaches d(ix/dx at x while hb(t — to) . approaches 

lx lx 

hb{t — to) at X. Thus Eq. (20-14) becomes 

^ + hbit- to) = 0 


However, Ox (conduction) equals --kA{dt/dx): 

^ - <») = 0 (20-15) 

Considering a fin of constant thermal conductivity with constant cross- 
sectional area A and constant perimeter h (as in Figs. 20-2 and 20-3a), it 
is seen that 


dx^ 


hb f . dH ... .. 

LA " dx* ° 


= 0 


(20-16) 


tunately, results based upon the simplified mathematical model agree quite well with 
those obtained from experiment for the usual long thin fin. But, upon understanding 
the limitations of the mathematical model, one expects large deviations between 
theory and experiment for stubby thick fins. 
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Here hb/kA is denoted as o*. Equation (20-16) is the differential equa¬ 
tion for the temperature distribution in a fin of constant Ay 6, and k. If A 
varies with x (as in the circular fin of Fig. 20-36), and/or if k cannot 
be considered constant, the temperature distribution is given by Eq. 
(20-15). 

If h is assumed constant,! the form of the solution to the differential 
equation (20-16) is 

t = to + M sinh ax + N cosh ax (20-17) 

sinh and cosh are the hyperbolic sine and hyperbolic cosine, respectively. 
The terms M and N are constants to be evaluated from the boundary 
conditions, that is, two given relationships between the dependent and 
independent variables. One obvious boundary condition is 

t = h at a: = 0 

A second convenient boundary condition is 

^ = 0 Sit X = L 
ax 

The secondary boundary coiMition implies that the tip of the fin is 
perfectly insulated—a condition that may not be true in practice. For 
many fins the tip-surface area is quite small compared with the fin-side 
area; thus the tip heat transfer is small, and the approximation intro¬ 
duced by the boundary condition results in little error. 

Substituting the two boundary conditions in Eq. (20-17) and simplify¬ 
ing results in 


M ^ {to — t\) tanh aL 
N = h - to 

With these values of M and iV, the temperature distribution is 
t = to + (h to) {cosh ax — tanh aL sinh ax) 

t The assumption of constant h means that the surface heat transfer is considered 
proportional to t ^ to, and so introduces some approximation into the solution. In 
truth, both convection and radiation are more complex functions of t — to. But if h 
is considered a function of t — to, the differential equation becomes nonlinear and 
solution is inuch more difficult. The few results published for the case of variable h 
show that the assumption of constant h may not introduce much error. For example, 
I. C. Hutcheon and D. B. Spalding [Prismatic Fin with Non-linear Heat Loss Analysed 
by Resistance Network and Iterative Analogue Computer, British Journal of Applied 
Physics, vol. 9, pp. 185-191 (May, 1958)] considered the surface heat transfer pro¬ 
portional to {t — to)y^ as in natural convection. For “short” fins (i; > 80 per cent), 
they found the fin efficiencies for constant and for variable h essentially equal, but 
for “long” fins {-n < 50 per cent) the fin efficiency for variable h was as much as 10 
per cent less than that for constant h. Fin efficiency -n is defined by Eq. (20-20). 
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which may be simplified by the hyperbolic identities to 


« = + (ti - to) 


cosh a(L ■— x) 
cosh aL 


(20-18) 


The total heat transferred by the fin per unit time, Qtoui, can be deter¬ 
mined by noting that the rate of heat conduction at the root of the fin, 
X = 0, is equal to the rate of heat transfer by convection and radiation 
at the exposed surface of the fin: 


^toui = -kA ^ 


l*—o 


Differentiating Eq. (20-18) and evaluating dt/dx at x = 0 gives 

Qtoui = kA(ti — to)a tanh aL (20-19) 

The fin efficiency ?? is a criterion for judging the relative merits of fins 
of differing geometries or materials: 


Thus 


__ heat transferred by fin _ 

^ heat that would be transferred if fin were all at U 
- ^(siirf^ce area)(tm ~ U) _ ^tm 
^ ~ /^(surface area)((i ~ Q ti — to 


( 20 - 20 ) 


The term Mm represents the mean temperature difference for convection 
and radiation heat transfer between the fin surface and its surroundings. 
From the definition of fin efficiency and Eq. (20-19), the efficiency for 
fins of constant A, 6, and k may be expressed as 


kA {ti — to)a tanh aL _ tanh aL 
hhL{i\ — fo) aL 


( 20 - 21 ) 


From the results of a more exact analysis for the fin with a bare tip, 
the approximation involved in the second boundary condition can be 
decreased by replacing L in the preceding equations with a corrected 
length equal to L + A /6. 

Circular fins (Fig. 20-36) and triangular fins (Fig. 20-3c) have been 
investigated by the same procedure, starting with an expression similar 
to Eq. (20-15). However, the solution of the differential equation for the 
temperature distribution is more complicated for these fins than for the 
fin of constant A, 6, and k. Values of fin efficiency for various circular 
fins of rectangular profile are presented in Fig. 20-4, as given by Gardner, f 
Consideration of extended surfaces of other geometries and discussions 
of such problems as the optimum fin configuration for minimum weight 


t K. A. Gardner, Efficiency of Extended Surfaces, Trans, ASMS, 67 : 621-631 
(November, 1945). 
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can also be found in the literature. Schneider^'’ describes several such 
analyses. 

According to Eckert and Drake,® the use of fins on surfaces is justified 
if the ratio kh/hA is greater than 5. Thus fins almost always result in a 
worthw^hile increase in heat transfer between tubes and gases, because 
k of the metallic fin is normally large compared with h. But fins are 
rarely used on tubes immersed in liquids, because h is normally great 



0 1.0 2.0 30 40 50 


Fig. 20-4. Efficiency of circular fins of rectangular profile. Note: Upper curve 
I(r -h L)/r of 1.0] may be used to determine the efficiency of fins of constant A, b, 
and k [Eq. (20-21)]. 


enough relative to k that the change in heat transfer does not justify 
the added cost of finned surfaces. 

Example 2. An air heater is composed of 1-in.-outside-diameter steel tubes on which 
circular steel fins, 0.50 in. long and 0.025 in. thick, are mounted. There are five 
fins per inch of tube, and h is estimated to be 10 Btu/(hr)(ft*)(°F). The air tempera¬ 
ture is 170®F, and the tube surface temperature is 430®F. Determine (a) the heat loss 
per hour from 1 ft of bare tube, (6) the heat loss per hour from 1 ft of finned tube, 
(c) an approximate temperature for the tip of the fin, (d) the heat loss per hour from 
1 ft of finned tube if the fins are made of aluminum. 

Solution, (a) The heat rate per foot of bare tube is 

( 10)(t)(1)(1)(430 - 170) 


12 


681 Btu/hr Ans. 
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(6) The heat rate per foot of finned tube may be calculated with the aid of Fig. 
20-4: 


r 4- L 0.5 + 0.5 
r “ 0.5 


Select k as 26 Btu/(hr)(ft)(®F) from Table B-12: 

o.5or (10)(12) 1^,0fio 
\ks/ 12 L(26)(0.0125)J 

From Fig. 20-4, ti » 0.77, and by Eq. (20-20), 

AC - fi(ti - Ic) - (0.77)(430 - 170) - 200‘’F 

Since the surface area of each fin is (2)(ir)(2* — l*)/4 — 4.71 in.*, the hourly heat 
loss from the 60 fins on 1 ft of tube is 

<?,(1 0 . )^ ) ^^» , 3920Btu/hr 
144 

The hourly heat loss from the surface of the 1 ft of tube not covered by fins is 

- (6 0 )(0-0 2 5_)) (430 - 170 ) , 595 
144 

and the total hourly heat loss per foot of finned tube is 

3920 + 596 * 4516 Btu/hr An«. 

(c) An approximate value of the temperature at the tip of the fin may be foimd 
by using Eq. (20-18), although it is strictly valid only for fins of constant A and b. 

II = 170 + (430 - 170) —- 364'? Ant. 
cosh 0.80 

(From the exact analysis for circular fins, ti « 351.5®F.) 

(d) For aluminum fins, select k as 132 Btu/(hr)(ft)(®F) (Table B-12). Determine 
rj from Fig. 20-4: 


0.50 r (10) (12) 

12 L(132)(0.0126)J 


0.36 


At this value, ri « 0.94 and 


AC - 0.94(430 ~ 170) » 244®F 

The heat rate from the 60 fins is 4780 Btu/hr, and the total hourly heat loss from the 
1 ft of finned tube is 5376 Btu/hr. Ans. 

The utility of the extended-surface concept is not limited to the 
design of finned-surface heat exchangers. The following example prob¬ 
lem illustrates one of the many other cases in which this concept is 
applicable. 
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Example 3. t A 3,600-rpm electric motor drives a centrifugal pump which circulates 
a liquid metal at a temperature of 1000°F. The motor is connected to the pump' 
impeller by a horizontal, oxidized steel shaft 1 in. in diameter. If the temperature 
of the electric motor is limited to a maximum value of 125°F, what length of shaft 
should be specified between the motor and pump? Air and surrounding surfaces 
about the shaft are at 80®F. 

Solution. The shaft can be considered as an extended surface conducting heat 
from the pump toward the motor while losing energy from its surface by radiation 
and convection. As the shaft is of constant A and h, Eq. (20-18) represents the 
temperature distribution where a; = 0 at the pump and x =* L at the motor. Thus 
the shaft temperature at the motor, /l, may be expressed as 


II 


to + (ti - to) 


cosh a{L — L) 
cosh aL 


^ to 


tl - to 

cosh oL 


As a conservative estimate, assume that the shaft temperature at the pump, <i, is 
equal to the liquid-metal temperature in the pump, 1000°F; assume that the shaft 
temperature at the motor is 125°F, and to is 80°F. Thus 


1 ^ it - to 

cosh aL tl — to 


125 - 80 
1000 - 80 


0.049 


Solving, aL =« 3.71, where L is the necessary shaft length and a ~ {hh/kA)^^. From 
the given data, 

6 = = 0.262 ft = T^T^c = 0.00546 ft» 

12 (4)(144) 

k (Table B-12) « 25 Btu/(hr)(ft)(°F). 

The term h is the sum of the surface coefficient for radiation K and the surface 
coefficient for convection he. By assuming the shaft to be a small body in a large 
enclosure, = € of the shaft (Eq. (19-83c)]. Selecting e for the oxidized shaft as 
0.79 from Table 19-2, and using an arithmetic-mean surface temperature of the shaft, 
(1000 + 125)/2 « 562°F = 1022°R, K is found from Eq. (19-5) to be 

_ (0.79)(0.1^(10.2^^ . - (5.4)^ ^ Btu/(hr)(ft«)(»F) 


(Note that, because the T* difference is involved, the hr predicted by using the arith¬ 
metic-mean surface temperature is probably too small. However, if hr is smaller 
than the true value, the computed length of shaft will be larger than that actually 
required. Thus the use of the arithmetic-mean surface temperature appears to be an 
approximation leading to a safe design estimate.) 

The evaluation of he poses a new problem. A value for the convection coefficient 
for a rotating horizontal shaft is needed, and a survey of Art. 19-8 reveals that no 
information is presented for this situation. It would seem that Eq. (19-49) for natural 
convection from horizontal cylinders is most like the rotating-shaft case, but in 
natural convection the flow is induced by buoyancy effects, while for the rotating 
shaft, flow should be influenced by both buoyancy and centrifugal effects. A search 
of the Selected References shows that only Refs. 8 and 11 consider the case of rotating 


t In addition to illustrating another use of the extended-surface concept, this 
lengthy example points out that frequently the current literature must be searched 
to find needed data and that the data so found must be critically inspected to ensure 
that they are applicable to the problem under consideration. 
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surfaces. Eckert and Drake* list two papers on the subject, but it is clear that these 
concern rotating plates. Kreith” presents the main results found by Anderson and 
Saunders, t Although Ref. 11 summarizes their results, it is well to study the original 
paper. Anderson and Saunders present experimental data for cylinders of 1.0, 1.8, 
and 3.9 in. diameter, with maximum rotational speeds of 550 rpm. Although their 
results might be extrapolated to the conditions of the present problem, an attempt 
should be made to find a more recent paper because (1) it may contain data more 
applicable to the present problem, and (2) it should contain a critical discussion of, 
and a comparison with, past work. 

Upon consulting “The Engineering Index"' for 1958 (published by Engineering 
Index, Inc., New York) under the heading Heat Transmission, reference to a paper by 
Kays and BjorklundJ is found. This paper contains a summary of the results of 
previous investigators and new results for a cylinder 2.26 in. in diameter rotated at 
speeds of 50 to 4,500 rpm. The following equation is proposed: 

Nu « 0.135no.5(Rep)2 (r©,)* -|- Gr]PrU^ 

This equation represented their experimental results for heat transfer from a rotating 
cylinder within plus or minus 15 per cent when the value of the terms in the braces 
was between 3(10^) and 10*. All properties are evaluated at the film temperature, 
Eq. (19-29o); Rcp is a Reynolds number based upon cylinder diameter and peripheral 
velocity, and Re, is a Reynolds number based upon cylinder diameter and the velocity 
of the gas being blown across the cylinder. Evaluating air properties at a film temper¬ 
ature of (562 -h 80)/2 = 321°F from Table B-15, the dimensionless numbers are 
calculated as 


Rep = 2,040 Re. » 0 Gr = 1.1(10*) Pr = 0.685 
The braced term is found to be 


(0.5(2,040)* + 0 + l.l(10*)j0.685 - 1.5(10*) 

Unfortunately, the present problem does not fall within the range of validity of the 
proposed equation. However, the paper also contains much of the experimental data, 
and a plot of Nu versus the braced term shows that Nu equals approximately 18 
when the braced term is equal to 1.5(10*). 

K - » (18)(0.0208)(12) ^ ^ g Btu/(hr)(ft')(°F) 


[Neglecting the effect of rotation, Eq. (19-49) for natural convection gives 2.2 as the 
value of he.] 

With a reasonable value for he finally determined, a may be found as 


/hby^ _ r (4.5 + 2.85) (0.262) ] 

“ ” u^/ ~ L (25) (0.00546) J 

But aL * 3.71; hence 

Z, - “ 0.99 ft Ans. 

o.7o 


3.75 ft-i 


t J. T. Anderson and O. A. Saunders, Convection from an Isolated Heated Hori¬ 
zontal Cylinder Rotating about Its Axis, Proc. Roy. Soc. {London)^ A217: 552-562 
(1963). 

X W. M. Kays and I. S. Bjorklund, Heat Transfer from a Rotating Cylinder with 
and without Crossflow, Trans. ASME^ 80 : 70-77 (January, 1958). 
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20-3. Unsteady-state Heat Conduction, f Consider that volume A Lx 
shown in Fig. 20-5 is part of a larger mass through which heat is conducted 
in an unsteady^state manner. From Art. 19-1, recall that for unsteady- 
state conduction, temperature and rate of heat conduction are dependent 
upon both cooi‘dinate position and time. For simplicity, consider con¬ 
duction in the x direction only; hence temperature varies with coordinate 
position X and time. Assume that heat is generated within the volume 
(by electrical resistance heating, for example) at a volumetric rate of w 
[typical units, Btu/(hr)(ft*)]. 

Application of the conservation of energy principle to volume A Lx for 
a certain time interval Ar shows that the heat conducted into the volume 
through the plane at x plus the heat generated in the volume equals the 
heat conducted out of the volume through the plane ai x + Lx plus the 
change in internal energy of the volume. 



Fig. 20-5. Unsteady-state conduction. 

During the time Ar, the difference in the heat conducted into and 
out of the volume is 

(Qx - <3 x+Ax) dr 

By the mean-value theorem of the integral calculus, the preceding expres¬ 
sion may be set equal to 

(Q* - Q*-fA*)]. Ar 

The difference in conduction rates is evaluated at a mean time f such that 
the two preceding expressions are equal, f must lie within the time 
interval r to r + Ar. 

The heat generated within the volume during the time Ar is 

(jiA Lx Lr 

The change in internal energy of the volume during the time Ar equals 

r z"}~Ax 

[(pU)r+AT - {pn)r]A dx = [(pw)r+Ar - {pU)r]±A LX 
t If desired, this article may be assigned upon completion of Art, 19-8, 
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The terms u and p are specific internal energy and density, respectively. 
The bracketed term on the right-hand side of the expression is the differ¬ 
ence in internal energy per unit volume at a mean location x between x 
and X + Ax. 

Summing the preceding expressions in accord with the conservation of 
energy principle, 

(Ox — Ox+A*)f At 4* wA Ax At = [(pw)r+Ar — {pu)r]xA Ax (a) 


But, by the mean-value theorem of the differential calculus, 

Ox+A.,f = Q..f + 

(pu)r+£LT.i = (pU)T,i + 

Thus Eq. (a) becomes 

But Ax and At are of arbitrary value, and as they approach zero, x and x 
approach x, and f and f approach t: 

“ If + ^ 

The term 0 (conduction) is equal to —A;A dt/dx. If the internal energy 
is a function of temperature only, u = cl, where c is the heat capacity. 
With these substitutions, the preceding equation may be written as 




d{pct) 

dr 


Including conduction in the y and z directions, 


dx 




_ d(pct) 
dr 


If properties k, p, and c are assumed constant. 


(20-22) 


4- ^ 4- " = 

dx^ dy^ dz^ k k dr 


(20-23) 


Equation (20-23), or Eq. (20-22) for variable properties, is known as 
the general differential equation for the temperature distribution for unsteady- 
state conduction. 
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For a cylindrical coordinate system with coordinates r, and z (see 
Fig. 20-6a), Eq. (20-23) may be transformed to 


dr^ r dr ^ 66^ dz^k k dr 


(20-24a) 


For a spherical coordinate system with coordinates r, </►, and ^ (see 
Fig. 20-66), Eq. (20-23) takes the form 

ft 2m 1 .i_._. 

dr* r dr r* dyp^ r* tan yp djp r* sin* ^ d</>* k dr ^ 

The solution of these equations for the temperature distribution 
involves finding an expression for temperature as a function of coordinate 
directions, time, rate of heat generation, and properties A:, p, and c. 




Fig. 20-6. Coordinate systems, (a) Cylindrical coordinates; (6) spherical coordinates. 

Having found a valid expression for t for a particular problem, the 
temperature gradient may be found by differentiation, and hence the 
rate of heat conduction through any plane in the body can be found 
from Fourier^s equation. 

The expression for t must be a valid solution of the differential equation 
for the temperature distribution, and in addition, it must also satisfy 
the boundary and initial conditions of the problem under consideration. 
The usual boundary conditions are t or gradient of t equal to a certain 
value at a particular coordinate position, and initial conditions are speci¬ 
fied by giving the value of t or its gradient at a certain time, as, for exam¬ 
ple, ^ = 0 at r = 0. 

When used as the starting point in a particular conduction problem, 
Eq. (20-22) can frequently be simplified. For example, if properties 
can be assumed constant, Eq. (20-23) may be used instead of Eq. 
(20-22). If steady state, the term on the right-hand side of the equation 
is zero. For situations without heat generation, the term containing o) 
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may be discarded, and if conduction occurs in only two directions or one 
direction, one or two of the second-order partial terms may be discarded. 
The following example problem illustrates the means of applying Eq. 
(20-22) to simple conduction problems. 

Example 4. The steady-state conduction solutions obtained previously by integra¬ 
tion of Fourier’s equation (Arts. 19-4 and 20-1) may be obtained by simplification and 
solution of Eq. (20-22). To illustrate, consider the case of steady-state, unidirectional 
conduction through a plane wall, as shown in Fig. 19-4. By integration of Fourier’s 
equation, Eqs. (19-12) for the rate of heat transfer and Eq. (19-14) for the temperature 
distribution were obtained. Assuming k constant, and noting that i depends upon x 
only, Eq. (20-22) simplifies to 


By integration, the solution of this equation is 


dx 


* Cl 


and 


t ^ C\X C2 


Integration constants Ci and C 2 are evaluated from the boundary conditions. For 
the particular problem under consideration, the boundary conditions are 


Thus 

Solving for Ci and C 2 , 


t — ti at X xi 

1=^12 at X = X 2 

ti = CiXi C 2 and t 2 — C 1 X 2 4" 


c. = and c^ - 


X2 — Xi X2 — X1 

With these expressions for Ci and C 2 , 

(<2 — ti){x) , /1X2 — <2X1 


t 


X2 Xi X2 Xi 


This expression for the temperature distribution can be rearranged to be identical 
to Eq. (19-14). By Fourier’s equation, =* —kA dt/dx^ and from the equation 
for the temperature distribution, 

dt I2 — t\ 

dx X2 — Xi 

Hence rJ? ) 

Xi - Xi 

which is identical to Eqs. (19-12). 

To further illustrate the means of applying the general differential equation for the 
temperature distribution for unsteady-state conduction, consider that heat is gen¬ 
erated at a uniform rate in a sphere made of material having a constant k value. At 
steady state, let h be the temperature at the geometric center of the sphere and let t% 
be the temperature at the outer surface of the sphere of radius r 2 . The heat transfer 
from the surface of such a sphere was given in Art. 20-1 as 


“ ^irkrti^i — it) 
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Noting that ^ is a function of r only, Eq. (20>245) simplifies to 

dr* ^ r dr ^ k r* dr \ dr) ^ k 

Integrating twice, the solution for t is 


C, «r* „ 

' ’ - 7 " 6 * + 

As r approaches zero, t must remain finite, and hence Ci ■■ 0. At r equals rj, t equals 
ti] thus 

^ 

So the expression for the temperature distribution is 


As expected, the maximum temperature in the sphere occurs at r * 0 and may be 
expressed as 

To obtain an expression for ^ 2 , note that 

Q, 

" ^irr2» 

Thus /,=<.+ r,« 

and, as before, Qx = SirkrtiU - h) 

The concept of thermal resistance provides a convenient means for 
classifying unsteady-state conduction problems. To illustrate the utility 
of the resistance concept, consider that a body is immersed in a fluid. 
Initially, let the fluid and the solid be at the same temperature. Then 
assume that the temperature of the fluid is suddenly increased. Now, 
energy will be transferred to the surface of the solid by convection and 
radiation, where it will be conducted into and stored in the body. The 
manner in which temperatures in the solid vary with coordinate position 
and time depends upon the relative values of two resistances—the 
resistance to conduction heat transfer within the body and the resistance 
to convection and radiation heat transfer at the surface. If the internal 
resistance (conduction) is small compared with the surface resistance 
(convection and radiation), only small temperature gradients occur in 
the solid. Consequently, temperatures vary little with coordinate posi¬ 
tion, and to good approximation, the temperatures in the body may be 
considered functions of time only. At the other extreme, if the internal 
resistance is large compared with the surface resistance, the temperature 
of the body varies with both position and time. But the surface temper- 
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ature closely approaches the fluid temperature, and with little error, 
surface temperature may be assumed equal to fluid temperature. In 
either case, the mathematical treatment of the problem is simplified 
compared with the general case in which the internal and surface resist¬ 
ances are of about equal importance. 

Considering the case in which internal resistance is negligible compared 
with surface resistance, Eq. (20-23) may be reduced to 

0) = pcj^ (20-25) 

The terms describing the variation of temperature with coordinate posi¬ 
tion have been discarded by reasoning that i is a function of time only. 

Assume that a body of surface area A, volume 7, density p, thermal 
conductivity A;, and specific heat c is immersed in a fluid. Consider that 
initially the solid and the fluid are at the same temperature U but that at 
r = 0 the fluid temperature is suddenly changed to, and maintained at, 
a different temperature U. Denoting h as the surface coefficient for 
heat transfer between the fluid and the body, w may be regarded as an 
equivalent surface source (or sink) of heat per unit volume of solid: 

hA{io - t) 

0) = y - 


Upon substituting this value of w into Eq. (20-25), 

hA{to - 0 d{to - t) 

V ^ dr 


(20-26) 


Rearranging and integrating Eq. (20-26), with t and t as the variables, 
results in 


In (to-t) == - ~ + Cl (20-27) 

The integration constant Ci is evaluated from the initial condition that 
( = at r = 0: 

Cl = In (to - U) 

With this value of Ci, Eq. (20-27) may be written as 

The term exp represents e (base of the natural logarithm system) raised 
to the exponent indicated in parentheses. Solving Eq. (20-28) for 

< = <.-(<.- ti) exp 


(20-29) 
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Equation (20-29) describes the variation of temperature with time when 
the internal resistance within the body is small compared with the surface 
resistance. 

From analyses of cases where both internal and surface resistance 
were considered, a criterion has been established to show under what 
conditions internal resistance may be neglected without introducing 
much error. For bodies with shapes similar to plates, cylinders, or 
spheres, temperatures in the body will differ by less than 5 per cent at any 
one time, and hence neglecting internal resistance will introduce little 
error if 


^ < 0.1 (20-30) 

Here h is the surface coefficient for heat transfer, k is the thermal con¬ 
ductivity of the solid, and L is a characteristic length equal to the ratio 
of the volume of the solid to its surface area. 

The dimensionless term hL/k is known as the Biot number (Bi). The 
numerical value of the Biot number is an indication of the ratio of internal 
resistance to surface resistance. Although the Biot number is of the 
same form as the Nusselt number, there is an important difference 
between the two. In the Nusselt number, k is the thermal conductivity 
of the fluid, while in the Biot number, k is the thermal conductivity of the 
solid. 

Example 6. A copper-constantari thermocouple probe is made such that the 
thermocouple tip is a sphere 0.1 iu. in diameter. The probe is to measure the tempera¬ 
ture of air at atmospheric pressure flowing at a velocity of 10 ft/sec. Initially, the 
probe and the air are at a temperature of 80°F. The air temperature is suddenly 
changed to, and maintained at, 440°F. Approximately how many seconds will be 
required for the thermocouple to indicate a temperature of 400®F? 

Solution. By assuming that the internal resistance is much less than the surface 
resistance, Eq. (20-29) can be solved to obtain an approximate value for the required 
time. In Eq. (20-29), t - 400°F, h - 440°F, U « 80°F, V/A = 0.1/(6)(12), and 
T * time required. The properties of the thermocouple probe are needed. For 
copper, p « 559 lb„,/ft», c * 0.0915 Btu/(lb,n)(°F), and k « 220 Btu/(hr)(ft)(°F); 
for constantan, p *= 5571bm/ft*, c = 0.098 Btu/(lbm)(‘’F), and A; « 14 Btu/(hr)(ft)(®F). 
Calculating average values for the tip, p = 558 Ibm/ft* and c » 0.0947 Btu/(lbm)(‘*F). 

A value for h is required to complete the solution. McAdams^ recommends that 
the following equation be used to calculate an average value of the convection coeffi¬ 
cient for the case of air flowing past a sphere: 

Nu * 0.37(Re)o« 

The characteristic length is the sphere diameter, all properties are evaluated at the 
film temperature, and the equation has been found valid for a range of Reynolds 
numbers from 20 to 70,000. 
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From Table B-16, the air properties at a film temperature of 260°F are p * 0.0551 
lb„/ft», Pm « 0.0553 lbm/(hr)(ft), and k » 0.0194 Btu/(hr)(ft)(‘’F). 


and 


Nu 

Nu 

K 


{hc)m) . r (10)(3,600) (0.1) (0.0551) 

(12)(0.0194) “ L (12)(0.0553) J 
(0.37) (300)0 ® « 11.3 
26.4 Btu/(hr)(ft®)(°F) 


Note that the Reynolds number value of 300 falls within the recommended Reynolds 
number range. Although the film temperature varies as the probe temperature 
changes, the effect of the film-temperature variation on he is small. 

Checking the value of the Biot number to determine if the approach using Eq. 
(20-29) was valid: 


Bi 


k 


hY 

kA 


(26.4) (0.1) 
(14)(6)(12) 


< 0.1 


Thus Eq. (20-29) may be used. [The thermal conductivity of the copper-constantan 
thermocouple probably has a value between that of constantan (14) and that of 
copper (220). In calculating the B'ot number, k — 14 was used as the least value of 
thermal conductivity likely for the tip, thus yielding the largest value of the Biot 
number.] 

Equation (20-29) may now be solved for r: 


and 


400 


« 440 - (440 - 80) exp 


-(26.4)(6)(12)(r) 
(0.1) (558) (0.0947) 


« 22 sec Ans. 


Radiation from the probe and conduction along the thermocouple lead wires may 
cause the actual time requirement to be somewhat greater than that calculated. 

A characteristic time of response known as the time constant is defined for instru¬ 
ments which respond exponentially to a sudden change [as in Eq. (20-29)]. The time 
constant is defined as that time required to yield a value of unity for the exponent of e. 
Thus the time constant for the thermocouple considered in Example 5 is given by 


or 


Time constant 


hA 


hAr ^ 
pcV 

(558) (0.0947) (0.1) (3,600) 
(26.4) (6) (12) 


10 sec 


At 10 sec, the thermocouple indicates a temperature of 


/ = 440 - (440 - 80) exp (-1) * 308°F 

In a period of time equal to its time constant, the thermocouple has attained 1 — 1/c 
or 63.2 per cent of the sudden temperature change. 

When internal and surface resistance are of equal importance, or when 
the internal resistance is large compared with the surface resistance, the 
temperature distribution in the body is a function of both coordinate 
position and time, and the mathematical solution is lengthy. However, 
many solutions for such cases have been obtained, and for convenience, 
several of these solutions are available in graphical form similar to Fig. 
20-7. (See McAdams^ and Schneider^® for other examples.) 
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For the plate considered in Fig. 20-7, unsteady-state conduction occurs 
in only one coordinate direction without internal heat generation. If, 
in addition, constant projjerties are assumed, Eq. (20-22) reduces to 


dx^ k dr a dr 


(20-31) 


The parameter a is equal to k/pc and is a property known as the thermal 
diffusivity. Values of a for a few substances are given in the following 
table. 


Table 20-1. Thermal Diffusivities of Various Substances at 70°F 


Substance a, ft*/hr 

Aluminum (pure). 3.67 

Cast iron. 0.67 

Copper (pure). 4.35 

Constantan. 0.24 

Steel (1% C). 0.45 

Asbestos (36 1b«/ft»).0.013 

Wood. 0.0045 

Water (saturated liquid). 0.0055 

Air. 0.82 

Hydrogen. 5.84 


The relative magnitude of the thermal diffusivity is an approximate 
measure of the rapidity with which a substance responds to a sudden 
temperature change in its surroundings. Note that metals and gases 
have relatively large values of a and hence respond rapidly to temperature 
changes, while nonmetallic solids and hquids have relatively small values 
of a and thus respond slowly to temperature changes. (In the case of 
liquids and gases, convection effects may decrease the time of response 
to temperature change.) 

In obtaining the results shown in Fig. 20-7, it is assumed that the 
plate at a uniform initial temperature U is suddenly, at r = 0, exposed 
to a fluid stream at constant temperature to. Thus the initial condition 
for the solution of Eq. (20-31) is 

i = atr = 0, -6<ar<6 

The rate of heat transfer between the fluid and the plate at the plate 
surfaces is 



The preceding expression may be rearranged to give one of the boundary 
conditions: 


^ = I (( - t.) at 05 = ± 5, T > 0 
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By symmetry, no conduction occurs across the mid-plane of the plate; 
thus the second boundary condition is 

^ = 0 atx = 0, r>0 
dx 

An expression for the temperature in the plate at ^ny point x and 
any time r may be obtained by solving Eq. (20-31) and applying the 
initial condition and the two boundary conditions. The values obtained 
from this solution are presented in graphical form in Fig. 20-7. The 
following example problem illustrates the method of using Fig. 20-7. 

Example 6. During the manufacture of plastic sheets 4 in. thick, the sheets are 
brought to a uniform temperature of 350°F and then allowed to cool to a surface 
temperature of 125°F in air at 100°F before further processing. Properties of the 
plastic material are 

p « 80 lbm/ft» c = 0.4 Btu/(lb,n)(‘’F) k = 0.167 Btu/(hr)(ft)(°F) 

(a) How long a cooling period will be required if natural convection cooling is 
employed with an average surface coefficient of 2 Btu/(hr) (ft*) (®F) ? (b) What is the 

temperature at the center of the plastic sheet when the surface temperature has 
reached 125°F? 

Solution, (a) The Biot number should first be calculated to determine the rela¬ 
tive values of surface and internal resistance: 



(2)(H) 

0.167 


2 


Note that 3 is one-half the plate thickness. For this value of Biot number, the 
internal resistance cannot be neglected, and Fig. 20-7 must be used. Calculating 
the temperature ratio, 


t - to 125 - 100 _ 25 
ti - to ^ 350 - 100 ~ 250 

For the surface of the plate, x/5 = 1. Reading the value of ar/S^ from Fig. 20-7 
at a temperature ratio of 0.1, 1/Bi of 0.5, and x/5 = 1 yields or/fi* of approximately 
1.5. Solving for r. 


^ (1.5)(H)*(80)(0.4) ^ 

The parameter crr/6* is a dimensionless time known as the Fourier number (Fo). 

(6) At the center of the sheet, x/3 *= O. From Fig. 20-7 at Fo -* 1.5, 1/Bi ** 0.5, 
and x/3 ■« 0, the temperature ratio is 0.21. Thus the center temperature is computed 

as 

toeuimr - (0.21) (360 - 100) "h 100 « 152®F Ans. 
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20-4. The Critical-radius Concept, t In some instances, the addition 
of an insulating material causes not a decrease but an increase in the 
total heat transfer, A method for predicting such 
an effect when the combined coefficient of con¬ 
vection and radiation may be considered constant 
will be developed. Figure 20-8 shows a long cyl¬ 
inder of length L, with radius ri at temperature ^i. 

Surrounding this cylinder is an annular section 
of insulation with thermal conductivity A: 12 , thick¬ 
ness r 2 — ri, and outer surface temperature ^ 2 . Fig. 20-8. Cylinder for 
Assuming steady-state conditions and ti greater establishing the criti- 
than i 2 , heat is conducted through the insulation and criterion, 

then transferred by convection and radiation from the surface to the 
surroundings at to. 

By the resistance concept (Art. 19-5), 

t\ ““ to 

Rt 12 + Rt2o 

In r 2 ~ In ri , 1 

2Tki2L 2rr2Lh 

For fixed values of ti and to, the rate of heat transfer will be a maximum 
when the total resistance is a minimum. To establish a criterion for 
maximum heat-transfer rate, let it be assumed that ^ 1 , to, ri, L, ku, and 
h are constant while the thickness of insulation is varied, thus changing 
r 2 and < 2 . As r 2 is increased, the surface temperature ^2 will decrease, but 
at the same time, the surface area 2 irr 2 L will increase. 

Using these assumptions, the criterion for minimum resistance is 
found as follows: 


Q = 

and Rti 2 "F Rt 2 o — 



12 H~ Rt2o) 

dr2 


2irr2ki2L 2Tr2^Lh 


(for a minimum) 


Thus the critical radius for minimum resistance (r 2 = r 2 c) is 


(20-32) 


In a given situation, if ri is less than the critical radius given by Eq. 
(20-32), then the addition of insulation of the particular k value will lead 
to increasing heat transfer until the outer radius of the insulation becomes 
equal to r 2 c. If ri is greater than the predicted r 2 c, then the addition 
of insulation will decrease the heat transfer. In practical cases, the 
phenomeuon of increase in heat transfer is most likely to occur when 

t If desired, this article may be assigned upon completion of Art. 19-19. 
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insulating materials of poor quality are applied to cylinders of small 
radius. 

This effect is sometimes used to advantage in the insulation of electrical 
wires. The prime purpose of the insulation is to provide protection from 
electrical hazard, but by using the proper thickness, the ability of the 
insulated wire to dissipate heat may be made greater than that for the 
bare wire. 

Example 7. Suppose that insulation of mean thermal conductivity equal to 
0.1 Btu/(hr)(ft)(°F) were to be applied to the copper transmission line considered in 
Example 1. Would the ability of the bare wire to dissipate heat be decreased or 
increased by the addition of insulation? Data from Example 1 are ri = 0.811/2 » 
0.4055 in. and h — 2.5 Btu/(hr)(ft2)(°F). 

Solution. By Eq. (20-32), r^c — 0.1/2.5 = 0.04 ft = 0.48 in. r^c is greater than 
ri, and thus a thin layer of insulation would increase the heat dissipation from the 
wire and so permit some increase in the current-carrying capacity of the transmission 
line. Ans. 

Another situation in which the addition of ‘‘insulation” increases heat transfer 
may be illustrated by considering the ducts used in warm-air heating and air-condition¬ 
ing systems. The bare metal duct has a shiny surface, consequently a low emissivity 
(Table 19-2); thus heat transfer by radiation is small. Now if the duct is covered 
with a thin sheet of asbestos paper or similar material, the temperature of the surface 
more nearly approaches that of the surrounding air and (for practical duct sizes) 
convection decreases. But the emissivity of the outer surface is now several times 
greater than before (Table 19-2), and the heat transfer by radiation is increased 
severalfold. The net effect may well be that the “insulation” causes an increase in 
heat transfer (but a decrease in noise). 

20-6. Convection Heat Transfer with Change of Phase. f In Art. 19-8, 
relationships were presented for computing the convection-heat transfer 
rate between a solid surface and a single-phase fluid. In this article, 
consideration is given to the problem of calculating convection between 
a surface and a fluid which changes phase —as in condensation, which 
involves a change from vapor to liquid phase, or in evaporation, where 
the inverse change in phase occurs. 

a. Condensation. When a vapor encounters a cold surface, its temper¬ 
ature is reduced until the condensation temperature for the pressure 
is reached, and the surface is then covered with a thin liquid film or 
boundary layer of condensate. Vapor meeting the condensate film loses 
its latent heat by conduction through the film, while the film grows in 
thickness to a value dictated, for example, by the viscosity and the effect 
of gravity in displacing the liquid. This is film-type condensation. 
Since the thermal conductivities of liquids are small, film-type condensa¬ 
tion causes an appreciable temperature difference to exist between the 
cold surface and the vapor. Note that an increased rate of condensation 

t If desired, this article may be assigned upon completion of Art. 19-8. 
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increases the thickness of the liquid film and thus increases the tempera¬ 
ture difference, although the surface coefficient of heat transfer will be 
lowered by the thicker film. 

When the condensation surface is smooth and polished or when sub¬ 
stances are present that prevent the condensate from wetting the surface, 
dropwise condensation may occur. Here the condensate forms in small 
drops that rapidly grow in size and run off the surface without forming a 
film. Thus the heat transfer is not restricted by the insulating effect 
of a liquid film, and local coefficients as great as 75,000 Btu/(hr)(ft2)(®F) 
have been reported. Certain oils, called promoters^ can be added to 
achieve dropwise condensation, but this relatively unstable form of 
condensation may not materially change the over-all coefficient because 
some other resistance may be found to be the controlling factor. 

The presence of a noncondensable gas in the vapor will greatly reduce 
the rate of heat transfer. When a mixture of gas and vapor encounters 
a cold surface, the vapor, but not the gas, will be condensed. Thus 
a layer will be formed immediately adjacent to the condensate film that 
contains more air (and less steam) than the main body of the mixture. 
The condensation process is retarded because the vapor must first diffuse 
through the gas layer before reaching the liquid film and condensing 
surface; consequently, the film coefficient of heat transfer is greatly 
reduced. 

The Reynolds number assumes a special form for condensation proc¬ 
esses. When the condensation surface is a vertical plate, of width b and 
with film of thickness x [refer to Eq. (19-25a)], 


Re 


DVp ^ G^{hx/h) ^ ^ 

Pm Pm Pm Pm 


But the runoff T is defined as the mass rate of flow per foot of width h: 
T = Gx, Therefore, 


Rc vertical surfaces — 


Pm 


(20-33) 


Equation (20-33) is also valid for vertical pipes (and here the width 
is vDo). 

CONDENSATION (film-type) RELATIONSHIPS, f The physical prop¬ 
erties of the fluid in the condensate film are evaluated at a mean film 
temperature: 

if = vapor - 0.75 At (20-34) 


The average surface temperature (U) must be estimated, and 


At = L 


- ts 


t Recommended by McAdams.^ 
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where vapor is the saturation temperature of the vapor. Physical 
properties are evaluated at as defined by Eq. (20-34), regardless of 
whether the vapor is initially saturated or superheated. 

Vertical surfaces and tubes 


K = 0.0077 (Re )^ ^ 


(20-35) 

(20-36) 


Horizontal tubes 


hm 


= 0.725 


/ kY9>^ 
\NDoflm ^t) 


2r' 

™ < 2,100 

Mm 


(20-37) 


where X = latent heat of condensation (h/g) 

N = number of vertical tiers (banks) of horizontal tubes 
r' = mass flow of condensate per foot of length from lowest tube in 
tier, lbm/(hr) (ft); this is total flow from all tubes in any 
one vertical plane because condensate from upper tubes will 
drip or flow onto lower tubes 

b. Evaporation, Suppose that saturated liquid, in equilibrium with 
saturated vapor, is contained over a surface that can be gradually raised 
in temperature. When the temperature of the surface is raised, the 
temperature of the adjacent liquid is increased over the saturation 
point, and the liquid becomes superheated. An examination of the liquid 
would reveal, at first, no visible change, although vaporization is occur¬ 
ring, as shown by a decrease in the liquid level. In this instance, heat is 
being transferred by conduction and convection through the liquid. 
When the temperature difference between the source and liquid reaches a 
value of about 4®F, bubbles of steam appear and rise through the liquid, 
thus greatly increasing the convection of heat. This is the beginning of 
the stage called nucleate boiling. As the temperature difference is 
increased, the number of bubbles also increases and a violent boiling takes 
place. But now, if a still greater temperature difference is allowed, an 
unstable vapor film will first gather over the heating surface and then 
break away, forming large bubbles, while another film attempts again to 
blanket the hot surface. Further increase in the temperature difference 
stabilizes the film in place over the heating surface, and therefore film 
boiling is said to be present. The duration of these stages of boiling is 
illustrated in Fig. 20-9, which shows the relationship between the 
coefficient he and the temperature difference At. In the first stage, the 
heat-transfer rate is low because the conductivity of the liquid is small 
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and convection is slight. But the rate rapidly rises as nucleate boiling 
increases until a maximum point is reached. (For water at 1 atm pres¬ 
sure, this critical temperature difference is around 50®F.) When film 
boiling occurs, the heat transfer decreases because of the insulating effect 
of the vapor film. Note that, with continued heating, the curve in 
Fig. 20-9 reaches a minimum value and then starts to climb again 
because of heat transferred by radiation from the extremely hot source; 
here failure of the heater or the heating surface by melting {burnout) 
may occur. 



Fir,. 20-9. Boiling of water at atmospheric pressure on a chromel C heating wire. 
[Data of E, A. Farber and R. L. Scorah, Heat Transfer to Water Boiling under Pres¬ 
sure, Trans. ASME, 70: 369-384 (May, 1948).] 

The following conclusions appear in the literature f for tests made 
with water and various metals for the heating surface: 

1. The boiling curves for all the metals tested were similar but gave 
different numerical values. At atmospheric pressure and A/ of 10®F, the 
he values were: chromel C, 100; tungsten, 500; chromel A, 3300; nickel, 
20 , 000 . 

2. The boiling curve is radically affected by pressure: chromel C and 
At of 10°F; he = 100 for 0 psig, 1200 for 50 psig, 8000 for 75 psig, and 
90,000 for 100 psig. 

t E. A. Farber and R. L. Scorah, Heat Transfer to Water Boiling under Pressure, 
Trans. ASME, 70: 369-384 (May, 1948). 
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3. The mechanism of boiling is different for different parts of the 
boiling curve, and the same heat-transfer rate can be obtained with three 
different values of At: chromel C at 0 psig, (^/A = 100,000 Btu/(hr)(ft*) 
for At values of 30, 430, and 1650®F, with corresponding values of he of 
3330, 232, and 60.5. 

From these observations, it is evident that the rate of heat transfer 
in boiling depends in a complex manner upon many factors. Further¬ 
more, accurate experimental results have been difficult to obtain because 
of the large values of he for boiling and because of the consequent small 
temperature differences. Changes in the nature of the surface during 
boiling experimentation have also introduced errors. For these reasons, 
equations which correctly predict boiling convection coefficients over 
wide ranges of system variables have not been developed, but progress 
is being made in this direction, f 

20-6. An Electrical Analogy for Radiation t. As in conduction through 
composite bodies (Art. 19-5), the concept of a thermal circuit, or radiation 
networky based upon an electrical analogy for radiation heat transfer 
leads to a better understanding of the multiple reflections and absorp¬ 
tions that take place in an enclosure of gray bodies and refractories. § 
In such an enclosure, the net radiant heat interchange between a gray 
source (1) and a gray sink (2) may be expressed as 

- W,2) (20-38) 

Adopting the viewpoint from the electrical analogy that the heat transfer 
is caused by a potential difference {Whi — Wh^) acting across a total 
thermal resistance (SJit), Eq. (20-38) becomes^ 

^12 = where 2R, = (20-39) 

Now the problem is to specify the items that contribute to the total 
resistance to radiation heat transfer between the two surfaces. Evi¬ 
dently resistance to radiation interchange is present at each of the two 
gray surfaces, for they are imperfect emitters and absorbers. Further- 

t For example, see J. W, Westwater, Boiling Heat Transfer, American Scientist^ 
47 : 427-446 (September, 1959). 

t If desired, this article may be assigned upon completion of Art. 19-18. 

§ Formulated by A. K. Oppenheim, Radiation Analysis by the Network Method, 
Trans. ASME, 78: 726-734 (May, 1956). 

% Here the potential for heat transfer is temperature, or, more specifically for 
radiation, temperature to the fourth power. However, it is conventional to retain 
the Stefan-Boltzmann constant (a) in the potential-difference term rather than in the 
resistance; thus the potential difference becomes the difference in the hemispherical 
emissive powers of the surfaces considered as black bodies. 
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more, other resistances exist in the space between the source and the 
sink. These resistances are caused by the geometric configuration of 
source, sink, and refractories as it affects (1) the direct exchange of radia* 
tion (the F\t factor) and (2) the indirect interchange by reflection from 
refractory surfaces (the factor).f In Fig. 20-10a, items 1 

and 2 constitute a parallel resistance {Rm and Rur + RtR^) in series 
with the resistances caused by the gray-body behavior of the source and 
sink {Rt\ and Rt^)* The parallel resistances have been replaced in Fig. 
20-106 by a single equivalent resistance (RtVi). From Fig. 20-10, the 
total resistance to radiation heat transfer is 


— Rt\ -f- RtTi + Rt2 = Fn "h 


^/(Ri\R + RiR^ + 1 // 2<12 

(20-40) 


For evaluation of the resistances arising from gray-body behavior 
{Rti and Rt 2 )y two new terms are defined: 

J {radiosity) = radiation flux density leaving a surface (emission and 
reflection), Btu/(hr)(ft*) 

G {irradiation) = radiation flux density striking a surface, Btu/(hr)(ft*) 
By their definitions, J and G bear the following relationships to each other: 

J = iWh + pG = cIFfe + (1 — t)G for opaque, gray surface 
Thus G = ~ * (20-41) 

1 — C 

From Fig. 20-10 and the definitions of J and G, 

(5i. = ~ - = A,{J, - (?,) (20-42) 

Zitti rcti 

A substitution of Eq. (20-41) into Eq. (20-42) leads to 

Rt\ = -—and similarly Rt 2 = - —(20-43) 

ClAi 62^2 


Thus, in general, the resistance caused by gray-body behavior is 

1 - € 
tA 

The resistance due to geometric configuration and refractory reflection 
may be obtained (without any loss of generality) by assuming for the 


t If the gas between surfaces 1 and 2 is an absorber (and emitter), it causes an 
additional resistance. The present discussion considers only those cases in which 
the enclosure is filled with a gas that does not radiate significantly, such as air at the 
temperatures normally encountered in engineering. See Art. 19-18 for further dis¬ 
cussion of this point. 
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present that source 1 and sink 2 are black, so that Rn and Ri 2 are zero, 
Whi = t/i, and Wb 2 = t/ 2 . Referring to Eqs. (19-80) and (20-39), 

A _ 1^62 _ «/l J 2 _ ji ^ f J _ j \ 

(412 -=rD- ““ — nZZ — ~ -diri 2 (t/i — «/ 2 ) 

ttt\2 

or Rin = -V (20-44) 

In general, the resistance caused by geometric configuration and refrac¬ 
tory reflection is equal to \/AF.\ 

Refractory (/?) 

f^t\ ^t\Z fftz 

(?I2-^ ^12 ^ 

Wif\ J\ t/g ^2 

o ■■ A/W** * .. * W^A~-o 

f^t\ ^/i5 ^i2 

(^) 

Fig. 20-10. Radiation networks for a source-sink-refractory enclosure. 



Determining the total thermal resistance by Eqs. (20-40), (20-43), and 
(20-44), 


2/?^ = 


1 , 1 , 1 ~~ t2 

\2 ^2^42 


(20-45) 


From Eqs. (20-39) and (20-45), 


9Fi2 — 


_ I _ 

I/F 12 + l/tl — 1 + (^i/i42)(l/c2 — 1) 


(20-46) 


Equation (20-46) is identical with that found by Hottel [Eq. (19-83)]. 


t If there are no refractories in the enclosure, Rtu = Rtn (see Fig. 20-10a) and 
Rm — I/A 1 F 12 . Furthermore, from Eq. (20-40), note that Rin = 1/AiFi* is 
equivalent to 

_ 1 _ 

l/{RtiR + RiRi) 4 " ^/Rtit 


Utilizing the fact that Rt =* l/AF and simplifying leads to 

A,P,, - - i/Aifis -f- 1/ArFr, 

Thus the F factor between sources and sinks may be found from the direct radiation 
factors F between sources, sinks, and refractories. Problem 31 further illustrates 
this point. 
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As shown in Art. 19-17, Eq. (20-46) may be reduced to obtain specific solutions for 
simple cases. From this observation, it might be concluded that Eq. (20-46) is 
generally valid for enclosures of one gray source, one gray sink, and refractories. But, 
as previously pointed out by Hottel and, more recently (with the aid of the radiation 
network), by Oppenheim, Eq. (20-46) is strictly correct only when: 

1. The source-sink system is symmetrical, as, for example, a small sphere located 
centrally inside of a larger sphere, or a small thermocouple located at the center of a 
duct. A general rule is that a systern is symmetrical when all points on the source 
(or sink) have the same view of the sink (or source). 

2. If the source-sink system is not symmetrical, Eq. (20-46) is still correct if source 
and sink are both black, but it becomes less valid as the emissivities of the source 
and sink become smaller. (As emissivity becomes less, reflection from the source and 
sink accounts for a greater portion of the radiant flux in the enclosure.) 

The concepts of radiosity and irradiation assist in making these limitations on 
Eq. (20-46) understandable. In Fig. 20-10, a single value of radiosity was ascribed 
to each gray surface. The radiosity of such surfaces is uniform only if the surface 
is at uniform temperature and the impinging irradiation is uniformly distributed 
(the case for symmetrical systems). For unsymmetrical systems, the radiosity 
approaches uniformity only as the emissivity of the constant-temperature sinks and 
sources approaches unity. Thus, in unsymmetrical enclosures, accurate results may 
not be obtained if sources and sinks of small emissivity are established only on the 
basis of selecting surfaces at uniform temperature. To approach uniform irradiation 
(and thus uniform radiosity), further subdivision (yielding a more complex network) 
may be necessary if accurate results are needed. 

To illustrate the effects of deviations from symmetry and emissivity on the’accuracy 
of Eq. (20-46), Jakob® reports on a small sphere, 1, at uniform temperature inside 
of a large sphere, 2, at uniform temperature, with Dt/D\ equal to 4. When sphere 1 
is centrally located, Eq. (20-46) leads to a correct value for heat transfer for all values 
of €1 and € 2 . When sphere 1 is located eccentrically such that it almost touches 
sphere 2, Eq. (20-46) results in a value about 7 per cent too great for «i = 1 and 
C 2 ** 0.5, and about 3 per cent too great for «i *= €2 0.75. Although these inaccu¬ 

racies are not great, much more serious errors may be encountered in other geometrical 
arrangements and for surfaces of smaller emissivities. 

By means similar to those just described, 
thermal circuits may be drawn for more 
complex enclosures consisting of many 
sources, sinks, and refractories. In such 
cases, the networks are not so simple as the 
one considered, and specification of proper 
F factors may be much more difficult. 

The following example problem illustrates 
the application of the network method to a 
complex enclosure. 

Example 8. Figure 20-11 shows an enclosure con¬ 
sisting of four surfaces having the following charac¬ 
teristics: surface 1: black-body surface maintained at a temperature of 1000®R; 
surface 2: gray-body surface, emissivity of 0.5, maintained at a temperature 



Fig. 20-11. Example 8, four- 
surface enclosure. 
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of 100®R; surface R: a well-insulated surface; surface 3: a completely transparent 
window which sees only outer space. Outer space is taken to have an effective radiat¬ 
ing temperature of 0°R. It is desired (a) to make appropriate idealizations of the 
problem and sketch the radiation network and (b) to find numerical values for the net 
radiant-heat-transfer rate at surfaces 1, 2, and 3 (0i oeti net) and 03 net, respectively) 
and for the temperature of surface R (Tr). 

Solution, (o) In idealizing the problem, it is convenient to assume that the well- 
insulated surface is an adiabatic (refractory) surface; hence Ojinet 0. Further¬ 
more, the transparent surface which views outer space may be replaced by a 
black-body surface at temperature absolute zero. The substitution involves no 
approximation, for the transparent surface transmits all radiation impinging on it 
and emits no radiation, while the black surface at absolute zero absorbs all radia¬ 
tion falling on it and emits nothing. With these idealizations, the radiation in the 
enclosure shown in Fig. 20-11 can be represented by the network shown in Fig. 20-12. 



Fig. 20-12. Example 8, radiation network. 


(6) For the network in Fig. 20-12, the following equations can be written for the 
four-surface enclosure: 


0\ n«t 
01 net 
02 net 
02 net 
Qlt net 
net 

03 net 
03 net 


J\ — Jl . Jl - Jr .Ji — J 

> t / A I? • 


^ * l/AiFu 

Wti - Jx 


(1 - €,)/€,A I 


hence Wbi 




\/AxFx 2 ^ l/AiF^R ^ \/A3F23 

Wb2 - Ji 

(1 — €2)/<2da 


0 


Jr — J\ I Jr ^ J 2 , Jr — J 

' 1 / A T? ' 


l/AiFi« \/A2F2R \/ArFr\ 
WbR — Jr 


(1 — 


hence Wur ^ Jr ^ oTr^ 


~ 4. ~ I ~ 

\/AiFx3 ^ \/A2F23 ^ 1/ArFr3 

_ Wh3 ^ Jl 


(1 t3)/f3A3 


where (by nature of surface 3) Wbi ^ J 3 ■■ 0 
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From Fig. 19-14, line 4, for long, narrow rectangles read Fm equals 0.62 at a ratio 
of 2 and F 23 equals 0.24 at a ratio of 0.5. The other values of F can be obtained by 
Eqs. (19-72) and (19-73): 

Fi 2 *• Fii * F/ii ■* 0.19 FtR 0.38 
Other needed numerical values are 

* Wh - - 1,714 Wbt = » 0.1714 

A\ =* Ar * 2L At ” Ai ^ L 

With these numerical values, the equations for the enclosure become 

0.38(1,714 - Jt) + 1.24(1,714 - oTr^) +0.38(1,714) 

0.38(/, - 1,714) + 0.38(/, - cTr*) + 0.24(7,) 

(0.1714-y,) 

0 « 1.24(<Trji* - 1,714) + 0.38(<rTR* - Jt) + 0.38(trrR*) 
0.38(-l,714) + (0.24)(-72) -h 0.38(-<rTs*) 

Solving the system of five equations for the five unknown quantities, 

- 1774 Btu/(hr)(ft) -547 Btu/(hr)(ft) 

\ /uot V / net 

(r) I " -1227 Btu/(hr)(ft) J, = 548 Btu/(hr)(ft>) 

Tx = 909°R Ans. 

20-7. Radiation Instrumentation, f An application of the principles 
of radiation has resulted in the development of two useful instruments, 
the optical pyrometer and the total-radiation pyrometer. Representative 
types of these devices are shown in Fig. 20-13. The prime advantage of 
these instruments is that they can be used to measure the temperature of 
bodies emitting radiant energy without the necessity of physical contact 
between the instrument and the body. 

a. Instrument Description. The optical pyrometer measures the effec¬ 
tive black-body temperature of hot sources, such as molten metals or 
luminous flames, which emit a significant amount of radiation in the 
visible range. As shown in Fig. 20-13a, the instrument consists of a view¬ 
ing system that includes a light filter and a small filament which may be 
made to glow by electrical resistance heating. As the instrument is 
sighted upon the hot source, the filter permits the passage of only a small 

t If desired, this article may be assigned upon completion of Art. 19-17. See 
Refs. 6 and 12 for additional information on this topic. Consult also T. R. Harrison, 
''Radiation Pyrometry and Its Underlying Principles of Radiant Heat Transfer,” 
John Wiley & Sons, Inc., New York, 1960. 
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portion (normally red) of the visible spectrum. The filament in the 
viewing system is heated electricall}^ until it appears to be of the same 
brightness as the filtered radiation from the source. The heating current 
required to bring the wire to a matching brightness is measured by the 
milliammeter, and from a previous calibration with a black-body source, 
the current reading is related to an effective black-body temperature. 
The meaning of the effective tem'perature is that, for a small portion of the 
visible spectrum, the source at its true temperature is emitting as much 
energy as a black body would emit at the effective temperature. 



Fig. 20-13. Radiation pyrometers, (o) Optical pyrometer. Left circle—source 
brightness greater than filament brightness; middle circle—source brightness equal to 
filament brightness, proper adjustment of variable resistance for determining temper¬ 
ature; right circle—source brightness less than filament brightness. (6) Total- 
radiation pyrometer. 

The optical pyrometer is widely utilized for the measurement of high 
temperatures where devices such as thermocouples are subject to physical 
damage. Good accuracy is obtained when measuring the temperature 
of a flame or a molten metal through a small hole in a furnace wall 
because (as discussed in Art. 19-10) the opening approaches black-body 
behavior. 

In the total-radiation pyrometer of Fig. 20-136, all wavelengths of 
radiant energy emitted in certain directions by the source are collected 
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and focused upon the hot junction of a thermocouple such that a temper¬ 
ature difference, and hence a detectable voltage difference (emf), exists 
between the hot and cold junctions. Relating the measured emf to 
known calibration data permits the evaluation of the source temperature. 

The part of the hot junction facing the mirror is usually blackened 
to assure effective absorption of the collected radiation. To minimize 
the influence of stray radiation on the junctions, the inside of the tube 
may be blackened, and the outside of the tube, the cold junction, and that 
portion of the hot junction not exposed to the reflected radiation from the 
mirror may be made bright. 

Ideally, the temperature difference between the hot and cold junctions 
is solely the result of radiation from the source impinging upon, and being 
absorbed by, the hot junction. Practically, conduction of heat between 
the hot and cold junctions and different rates of heat transfer by convec¬ 
tion and radiation from the two junctions prevent the attainment of the 
ideal. To approach the ideal situation, it is desirable to restrict the 
amount of radiation received by the hot junction from the source to an 
amount such that only a small difference in temperature exists between 
the two junctions. But if only two junctions are used, the emf produced 
by the little temperature difference is so small that it is difficult to 
measure accurately. To produce an easily measurable, large emf from 
a small temperature difference, many thermocouples (perhaps 100 or 
more) are arranged in series, and the emf produced by each hot and cold 
junction combination is additive. Such a device is referred to as a 
thermopile. 

The minimum surface temperature that can be detected by an optical 
pyrometer is that temperature (approximately 1400°F) at which the body 
begins to emit a significant amount of energy in the visible range of the 
spectrum. The total-radiation pyrometer is not subject to this limita¬ 
tion; so it is used extensively to detect remotely the temperature of 
surfaces in this lower range. The total-radiation pyrometer is also suit¬ 
able as the sensing device for control systems, and it has been employed 
to measure the emissivity of surfaces. 

h. Theory of Operation, Consider that an optical pyrometer is focused 
on a black body at a temperature The radiant flux density per unit 
wavelength emitted by the black body is given by Planck's equation 
(Art. 19-11): 


= pSf!ri ( 19 - 54 ) 

The wavelength of the radiation passed by the usual pyrometer filter is 
approximately 6.5 X 10”*^ cm (0.65 micron), so that the first term of the 
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denominator of Eq. (19-54) is much greater than unity. Thus with 
little error 

Wtx = (20-47) 

[Eq. (20-47) is known as Wien^s law of radiation.] The current required 
to bring the filament to a brightness equal to the emission from the black 
body is recorded, and the correct temperature, is read from calibra¬ 
tion tables. 

Now let the optical pyrometer be sighted upon a nonblack emitter at 
temperature T. The flux density per unit wavelength emitted by the 
non-black body is 

where €\ [Eq. (19-66)] is the emissivity of the body for the wavelength 
of visible light passed by the pyrometer filter. 

If the current required to attain matching brightness is now noted and 
used to obtain a temperature from the calibration tables, the obtained 
temperature, is the temperature of a black body which emits the same 
amount of energy in wavelength X as emitted in wavelength X by the 
non-black body at temperature T. 

Thus 

Wh\ = Wx or g-c/xn = 

Rearranging, - (20-48) 

i lb c 

Thus, if its emissivity is known, the true temperature of a non-black 
body may be determined with an optical pyrometer and calibration 
tables based on black-body behavior. Conversely, this procedure may 
be used to measure ex if T can be determined by other means (Prob. 34). 
Note that ex is the emissivity at a particular wavelength and may differ in 
magnitude from average emissivity values as given in Table 19-2. 

Consider that the total-radiation pyrometer shown in Fig. 20-136 is 
sighted upon a source of radiation at a uniform temperature T,. Let the 
temperature of the hot junction of black surface area Ah he Thy and let the 
temperature of the cold junction be Tc. In a properly designed pyrom¬ 
eter, Tc should be almost equal to the temperature of the optical pyrom¬ 
eter tube and surrounding air, and Th should be only slightly greater than 
Tc 

It is first assumed that the radiation source emits as a black body. 
Then the following energy balance may be written for the hot junction: 


C{Th ~ T.) = F.hA.<r(T^ - Th^) 


( 20 - 49 ) 
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The left-hand side of this equation represents the energy leaving the hot 
junction by conduction to the cold junction, convection to the gas in the 
pyrometer, and radiation to all surfaces except the source. The term C 
is a combined heat-transfer coefficient to represent all of these effects. 
The right-hand side represents the net radiation interchange between the 
hot junction and source (both assumed black). The emf produced by 
the thermopile is proportional to and hence 

emf oc {T.* - 

or emf = K{T,* - (20-50) 

From this equation, the value of K for a particular total-radiation 
pyrometer may be obtained by calibration with a black-body source 
(Prob. 37, test 1). 

Now assume that the source is a gray body with an emissivity €,. 
From an energy balance on the hot junction (assumed black), including 
reflection from s to h oi radiation initially emitted by h (second term, 
right-hand side of equation) and reflection from s to h oi radiation 
initially emitted by surroundings at Tc (third term), 

C{Th — Te) = €,FthAt<rT/ -f (1 — €t)FthAh<rTh^ -t- (1 — eg)FghA,(TTc* 

— FhsAh(TTh^ 

Rearranging and noting that the second term on the right-hand side 
of the equation is negligibly small, 

C(Th - Tc) = FchAA^cT.^ + (1 - - FnsAnaTH^ (20-51) 

But Te is almost equal to Th and FhsAh = F^hA, [Eq. (19-73)]: 

C{Th - Tc) = €.F.hA.{T.* ~ Th*) 

and emf = e.KiTc* - Th*) (20-52) 

If emissivity is known, the temperature of the radiating source may 
be determined from this equation and an emf measurement with a total- 
radiation pyrometer of known calibration factor K, Conversely, if T, is 
measured by other means, the emissivity may be determined by use of the 
total-radiation pyrometer. Most of the emissivities given in Table 19-2 
were determined by such means. Normally, T, to the fourth power is 
enough greater than Th to the fourth that negligible error is encountered 
by either (1) substituting the more readily known Tc for Th or (2) neglect¬ 
ing the Th to the fourth-power term completely (Prob. 37, test 2). 

t Results of tests of 22 different total-radiation pyrometers by the National Bureau 
of Standards (G. K, Burgess and P. D. Foote, Characteristics of Radiation Pyrometers, 
Natl. Bur. Standards Scientific Paper 250, 1915) showed that a better form of this 
equation is emf « K{Tf* — T*^), where b was found to vary from 3.28 to 4.26, with 
an average value of 3.89. 
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An interesting and useful feature of the total-radiation pyrometer, 
shown in Fig. 20-136, is that the emf generated by the thermopile, and 
hence the measured source temperature or emissivity, is not influenced 
by the distance L from instrument to radiation source, as long as the area 
of the radiation source is at least as great as the base of a cone with vertex 
at X (cone AX A* in Fig. 20-136). This can be understood by noting 
that, although the intensity of the radiation from any point on the source 
decreases with the square of the distance, the area seen by the instrument 
increases with the square of the distance. An excessive temperature rise 
in the instrument as the hot source is brought quite close to it can place 
a restriction on the minimum permissible value of L (Prob. 37, test 3). 


PROBLEMS 


Article 20-1 

1 . Derive Eq. (20-9). 

2. Derive Eq. (20-10). 

3. Heat is generated at a uniform rate of 20,000 Btu/(hr)(ft2) in a solid sphere of 
radioactive material, 2 ft, in diameter. The surrounding air temperature is 70°F, 
k for the sphere material is 20 Btu/(hr)(ft)(°F), and the surface coefficient for heat 
transfer between air and sphere is 10 Btu/(hr)(ft*)(°F). Assuming steady-state 
conditions, determine (a) the location and numerical value of the maximum tempera¬ 
ture in the sphere and (6) the location and numerical value of the maximum 
temperature gradient in the sphere. 

4. Assuming that the rate of heat generation increases linearly with rod radius as 
03 = ar, where a is a positive constant, obtain expressions similar to Eqs. (20-5) and 
(20-8) for the temperature distribution and surface heat-transfer rate. 

Article 20-2 

6 . Calculate and compare the fin efficiencies of the following straight fins of cylin¬ 
drical cross section: (a) copper fins, 2 in. long; (6) steel fins, 2 in. long; (c) copper fins, 
5 in. long; (d) steel fins, 5 in. long. All the fins are in. in diameter, and the surface 
heat-transfer coefficient is 2.0 Btu/(hr)(ft*)(°F). 

6 . Obtain an expression for the temperature distribution in a fin of constant A, 5, 
and k if the fin is so long that its tip (x = L) has the same temperature as the surround¬ 
ing fluid. 

7. Two large tanks containing liquid nitrogen at a temperature of 100°R are con¬ 

nected by a number of cylindrical steel supporting bars 2 in. in diameter and 2 ft long. 
Assume that k for the bars is 24 Btu/(hr)(ft)(°F) and that the surface coefficient 
between the bars and surrounding air at 60°F is 4 Btu/(hr)(ft*)(°F). (o) Determine 

the rate of heat transfer for each bar. (6) In order to decrease the heat transfer, 
would it be preferable to halve the length or halve the diameter of each bar? (Neglect 
the change in surface coefficient caused by changing the bar diameter.) 

8 . Figure 20-14 shows four possible methods for measuring the surface temperature 
of a solid. In (a), the thermocouple is placed on the surface and covered with a piece 
of putty or similar material. In (5), the thermocouple tip is just barely embedded in 
the surface. In (c), the thermocouple tip and a length of the lead wires are barely 
embedded in the surface. The method shown in (d) is identical to that in (c), except 
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that the lead wires are brought through the back side of the solid. Noting that the 
lead wires tend to be extended surfaces and that the thermal boundary layer in the 
fluid is thin, comment on the suitability of each of these methods for obtaining a true 
value of surface temperature. 

(a) id) (c) {d) 

Fig. 20-14. Problem 8, methods for measuring surface temperature. 

9. A copper thermometer well is inserted radially into a duct 12 in. in diameter. 
Hot air flows through the duct to a drying oven at atmospheric pressure and at a 
velocity of 400 ft/min. The well is 0.5 in. CD, 0.25 in. ID, and 6 in. long. The end 
of the well at the pipe wall is at 220°F, while the bottom of the well is at 300°F, as 
indicated by the thermometer. Heat conduction along the mercury-in-glass ther¬ 
mometer is to be neglected, (a) Assuming that radiation heat transfer is negligible, 
determine the air temperature. (Suggested solution: Treat the thermometer well 
as an extended surface. In order to evaluate h, it is necessary to first assume an air 
temperature, calculate h, compute the air temperature and compare with the assumed 
air temperature, and proceed by trial.) (6) Would radiation tend to increase or 
decrease the error in thermometer reading? (c) List several means by which the 
error caused by conduction along the well could be reduced. 

Article 20-3 

10 . Simplify and solve Eq. (20-24«) to obtain expressions for the temperature 
distribution and rate of heat transfer for steady-state conduction through the walls 
of a hollow cylinder of inner radius ri at temi>erature t\, outer radius r-i at temperature 
<2, and length L. Compare the results with those found from integration of FourieEs 
equation in Art. 10-4. 

11 . Obtain Eq. (20-8), Art. 20-1, by simplifying and solving Eq. (20-24o). 

12 . In Example 5, how much would the time required for the thermocouple to 
attain a temperature of 400°F be changed if {a) the velocity of the air were doubled 
or (h) the diameter of the thermocouple tip were halved? 

13. What values of Biot number and relative position (x/S) apply to the ordinate 
of Fig. 20-7? What is the nature of the unsteady-state conduction case represented 
by these values? 

14. What region of Fig. 20-7 corresponds to the situation in which Eq. (20-28) is 
valid? 

16. What measures might be taken to reduce the cooling time calculated in Exam¬ 
ple 6? 

16. The following experiment is performed to determine the value of the surface 
heat-transfer coefficient for a small metal object. The solid is heated to a uniform 
temperature of 200°F and then suddenly exposed to a low-speed air stream at 75‘^F. 
After cooling for 10 min, a single thermocouple embedded in the solid records a 
temperature of 90®F. The solid weighs 0.25 lb and has a surface area of 0.03 ft*. 
Properties of the solid are: p « 400 lb«/ft’, k * 200 Btu/(hr)(ft)(°F), c * 0.1 Btu/ 
(lbTO)(®F). (a) From these data, determine a value for the surface coefficient k. 

(Suggested solution : Assume that the surface resistance is much greater than the 
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internal resistance, calculate A, and then check the validity of the assumption by 
referring to the Biot number criterion.) (6) Comment upon the worth of this method 
for experimentally determining h. 

17. The thermal diffusivity of a plastic material is determined by clamping a 
2-in.-thick sheet of the material between two metal plates. The initial temperature 
of the plastic material is 100°F, the metal plates are at 280®F, and it is found that, after 
1 hr of heating, the temperature at the center of the plastic sheet is 250°F. Assuming 
perfect thermal contact between the metal plates and the plastic sheet, determine a 
value for the thermal diffusivity of the plastic. 

Article 20-4 

18. Assuming a constant value for the surface heat-transfer coefficient, is it pos¬ 
sible that the addition of “insulation’^ to a plane wall will result in an increase in 
heat-transfer rate? 

19. Show that the critical radius for a sphere is equal to 2k/h. 

20. Tubes carrying a refrigerant at 0°F pass through air at 45°F. A concentric 
layer of frost [k — 0.25 Btu/(hr)(ft)(°F)] forms on the tubes. Assuming a constant 
h of 2.0 Btu/(hr)(ft*)(°F) between air and frost (or bare tube) surface, will the frost 
layer tend to increase or decrease the heat loss for (a) tubes of 1 in. OD and (b) tubes 
of 4 in. OD? 

21. Continuing Prob. 20, plot the surface temperature of the frost and the heat loss 
per foot of tube for various thicknesses of frost on the 1-in.-diameter tube. Plot in 

increments of frost thickness until the frost-surface temperature reaches 32°F. 

22 . Same as Prob. 21 for the 4-in.-diameter tube. 

Article 20-5 

23. Derive an equation, by dimensional analysis, in the form of Eq. (20-35) 
Justify your selection of variables. 

24. Draw the cross section of a horizontal tube with steam condensing on the out¬ 
side surface. Note that the thickness of the condensate will be small on the top 
of the tube and will progressively increase as the fluid flows over the sides. At the 
bottom of the tube, the flow from each side will meet, and one stream of fluid will 
leave the tube. Compute the Re for this flow, noting that r = 2Gx. 

Ans. Re = 2T/yL. 

26. Determine the mean steam-side convection coefficient for a bank of condenser 
tubes, six tiers deep, that are to condense saturated steam at 1 in. Hg pressure with 
water flowing through the tubes and changing in temperature from 60 to 70°F. 
Tubes are 1 in. OD and 8 ft in length. The tube bundle is (o) horizontal and (6) 
vertical. 

26. Repeat Prob. 25, but assume that the pressure is atmospheric. 

27. Forty pounds per hour of saturated steam at 142®F is to be condensed on a 
2-in.-OD BWG No. 14 condenser tube (or tubes) with the tube surface temperature 
constant at 138°F. Determine the necessary length of tube (or tubes) required if 
(a) a single vertical tube is used; (6) a single horizontal tube is used; (c) two vertical 
tubes are used (tubes do not interfere with each other); id) two horizontal tubes are 
used, with one placed directly above the other. 

28. Plot the heat-transfer rate (^/A versus At for the data of Fig. 20-9. 

29. High-pressure steam is rarely used to evaporate water at atmospheric pressure. 
Explain why not. 

Article 20-6 

30. Considering an enclosure consisting of k surfaces, show that the following 
equations may be written for the net heat transfer at any surface i of the A:-surface 
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enclosure: 


0* n«t “ 2 AiFikiJi - Jk) 

k 

1 — «< 


Apply these equations to the enclosure considered in Example 8 and obtain the equa¬ 
tions given in part b of Example 8 . 

81. A particular furnace may be approximated as a box 12 ft wide, 24 ft long, and 
4 ft high. Considering the ceiling (12 by 24 ft) of the furnace to be a black-body 
source (denote as 1 ), the floor to be a black-body sink (denote as 2 ), and the side walls 
to be refractory surfaces (denote as R), evaluate F 12 by (a) the F factor shown in 
Fig. lD-14 and ( 6 ) the F factor of Fig. 19-14 and Eqs. (19-72) and (19-73). (See 
footnote, page 464.) 

32. An enclosure of the same geometry as that shown in Fig. 20-11 is made up of 
four black surfaces. The two larger surfaces are at temperatures of 1000 and 500®R, 
respectively, and the two smaller surfaces are both at a temperature of 750”R. Sketch 
the radiation network for the enclosure, and determine the net heat-transfer rate at 
each surface. 

33. Repeat Prob. 32, but assume that all of the surfaces are gray with an emissivity 
of 0.5. 

Article 20-7 

34. An optical pyrometer, calibrated for black-body radiation, indicates a tempera¬ 
ture of 1540°F when sighted upon a body with known surface temperature of 1600®F. 
Determine the emissivity of the surface. What is the significance of the calculated 
emissivity value if (a) the surface behaves as a gray body, (b) the surface exhibits real 
body behavior? 

36. When sighted upon an operating fluorescent lamp, an optical pyrometer indi¬ 
cates a temperature of several hundred degrees, yet the lamp is only slightly warm 
to the touch. Explain. 

86 . Equation (20-47), first derived by Wien on the basis of classical physics (see 
footnote, page 403), represents the monochromatic emissive power of a black body 
(Fig. 19-11). Although no flaw could be found in Wien’s application of physical 
principles, his equation gave results which deviated greatly from some of the experi¬ 
mental data shown in Fig. 19-11. Under what conditions do the results from Wien’s 
equation differ greatly from experimental findings (and common sense)? To further 
the confusion of scientists at that time (about 1900), Rayleigh and Jeans had made an 
apparently equally sound application of another set of physical principles to obtain 
the equation 

W 5 X « K\~*T {K is a constant) 

Their equation gave results at certain wavelength ranges in great disagreement with 
Wien’s equation and with experimental data. 

87. The data presented in this problem were obtained during the testing of a par¬ 
ticular total-radiation pyrometer of the type shown in Fig. 20-136. 

1 . In the first test, a blackened plate (emissivity of almost unity) was located so 
that the pyrometer could “see” only the front surface of the plate. A heater was 
placed behind the plate so that the plate temperature could be varied. The plate 
surface temperature was measured with small thermocouples mounted in the plate. 
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The following results were obtained: 


Plate temperature^ °F 

396.0 

346.0 

292.0 

220.0 

164.0 

145.9 


Emf produced by 
pyrometer thermopiley mv 

14.08 

10.78 

7.40 

4.40 
2.18 
1.82 


The thermopile construction was such that an emf of 1 mv was produced for each 
1 .8°F temperature difference between the hot and cold thermocouple junctions. In 
addition, it was observed during this and the following tests that room temperature 
was 78°F and that, when sighted upon the background, an emf of 0.1 mv was produced 
by the thermopile. Thus, as an approximation to account for background effects, 
the emf data might be corrected by subtracting 0.1 mv. From the given data, deter¬ 
mine (a) if the test substantiated the Stefan-Boltzmann law, that is, if the emf is 
proportional to T,*, — Th*i and (b) a suitable value for the pyrometer calibration 
constant K (Art. 20-76). [Suggested solution: (1) Convert plate temperature to 
absolute temperature T,. (2) Determine the temperature of the hot junction of the 

thermopile as T* * 78 + 460 -f 18 (corrected emf). (3) Evaluate Ts* — and 
determine whether the variation of this quantity is directly proportional to the varia¬ 
tion of the corrected emf.j 

2 . In the second test, a painted plate of emissivity considerably less than unity was 
substituted for the blackened plate. The following results were obtained: 

Emf produced by 

Plate temperature, °F pyrometer thermopile, mv 

381.1 5.00 

292.0 2.90 

219.9 1.68 

156.0 0.80 

From these data, determine the emissivity of the painted plate. Compare the 
emissivity value with those given in Table 19-2. What type of paint might have been 
applied to the plate surface? 

3. In the third test, the distance between the blackened plate and the total-radiation 
pyrometer was varied, while the plate was maintained at a constant temperature of 
about 330®F. As the distance between plate and pyrometer was changed, the follow¬ 
ing variation in the thermopile emf was measured: 


Distance, in. 

Emf produced by 
pyrometer thermopile, mv 

2.5 

9.9 

3.0 

9.9 

4.0 

9.9 

6.0 

9.5 

10.0 

7.5 

15.0 

5.4 

20.0 

3.5 

25.0 

2.3 

30.0 

1.6 

35.0 

1.15 
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Plot corrected thermopile emf versus distance on log-log paper and explain the 
slope of the resulting curve at (a) small distances (less than 6 in.) and (6) large dis¬ 
tances (greater than 20 in.). 
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APPENDIX A 


REFERENCX: MATERIAL 


A-1. Other Dimensional Systems and Units. The English system of units in the 
MLt system has a metric prototype called more often the absolute cgs system. Here 
the unit of length is the centimeter, the unit of mass is the gram, and the unit of time is 
the second. The force unit, like the poundal, is expressed in derived dimensions: 

F ■= ma 

■ (idyne(A/Lr-=]) = (lg[M))i^^ 

The dyne is defined as the force required to cu^celeraie 1 gram mass at the rate of 1 centi^ 
meter per (second)*. In using this system, it must be remembered that 


1 dyne 


g cm 


The unit of energy in this system is called an erg and is defined as the product of unit 
force acting through unit distance, 

1 erg s 1 dyne X 1 cm *= 1 dyne cm 

A larger unit of energy is called the joule, 

10^ ergs s 1 joule 

The unit of power, which is the energy expended in unit time, is the watt, 

sec 

The basic unit of charge is that carried by the electron or by the positive electron 
called a positron (which has only a transitory free existence), 

1 unit of charge » that carried by the electron 

A much large quantity of charge is called the coulomb, 

1 abs coulomb * 6.24273(10**) unit charge 

A still larger quantity of charge is called the faraday (F), 

1 faraday -■ 6.02544(10**) unit charge 
96,519 abs coulombs 
479 
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As a matter of interest, one faraday corresponds to: 


1. The charge carried by one gram-atomic weight of monovalent ion 

2. The charge carried by No monovalent ions, where 


No (Avogadro’s number) = 6.02544(10”) 


atoms molecules 
g atom g mole 


3. The charge carried by one gram-equivalent weight of ion (the atomic weight divided 
by the valence) 


The displacement of charge {q) gives rise to an electric current (/) which is defined 
as the time rate of flow of charge, 


/ 


drjL 


The unit of current called the ampere is defined as 


1 amp = 1 


co ulomb 

sec 


It follows that 


1 faraday =« 26.811 amp hr 


Because of the attraction or repulsion between charges, a force field is set up which, 
for stationary charges, is called an electric field. Energy is required, in general, to 
move charge from one position to another in an electric field. Each position in the 
electric field can be assigned a definite value of potential energy which would corre¬ 
spond to the energy required to bring unit charge from infinity to the point in question. 
The potential energy per unit charge at a point in the electric field is called the poten¬ 
tial, V. When a potential difference exists, positive charge (by convention) can flow 
through a conductor from the region of high potential (energy) to the region of low 
potential (energy). The unit of potential is the volt, which, since it is a specific energy 
quantity, has units of joules (energy) per coulomb (charge). 


1 volt = 1 


joule 

coulomb 


Since a coulomb is a quantity of charge equivalent to 6.24273(10”) electrons, 

1 volt = 1.60186(10->») V”; - - 
electron 


Hence, a new energy term is the electron volt (ev), 

1 ev « 1.60186(10-”) joule == 1.51829(10-”) Btu 

When the flow of charge encounters resistance R, the potential of the charge is dis¬ 
sipated in heating the conductor. The unit of resistance is the ohm. A resistance of 
1 ohm exists when a potential difference of 1 V 9 lt is required for the steady flow of 1 
ampere of current. This relationship is defined by Ohm's law, , 


AFoi - RI 


To create a potential difference, energy in some form must be converted into elec¬ 
trical energy. Thus, electrical energy is obtained from chemical energy in a storage 
battery, from mechanical energy in a generator, from heat energy when thermoelectric 
effects are present. The capability of a device for ideal energy conversion is indicated 
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by the electromotive force (emf, or 8). The cm/, by definition, is the ideal (reversible) 
work done in converting one form of energy into another form per unit of charge passing 
through the device. (And the name is misleading since emf is not a force.) Since work 
and energy have the same dimensions, both emf and potential can be measured with 
the same unit—the volt. Note, however, that the concepts of emf and potential are 
not equivalent. 

A-2. Dimensional Analysis. Since a dimension describes a meas¬ 
urable quantity, an equation made up of dimensional terms can be 
visualized as a description or summation of a more complicated event. 
A dimensional system is invariably used to ensure that equations are 
dimensionally homogeneous, and a check of the correctness of an equation 
is to test this homogeneity. If an event is known to be dependent on cer¬ 
tain variables, it should be possible to predict the arrangement of these 
variables from the principle of dimensional homogeneity of equations. 

It should be carefully noted that dimensional analysis can do no more than 
systematically arrange the variables that presumably govern the event under 
study. If one or more of these variables are omitted^ the answer found will 
be significant only to the degree that the missing variables are insignificant. 

Example 1. Find an expression for the force exerted by the air on the wing of an 
airplane. 

Solution. The factors involved appear to be as in the following table: 


Variables 

Symbol 

Dimensional formula 

Area of w^ing. 

A 

ii*i 

Velocity of wing. 

V 


Density of air. 

p 

IML'3] 

Viscosity of air. 

Pf 

[FrL-2J 

Resistance of wing. 

F 

l^] 


Since resistance of the wing is the factor to be investigated, the desired solution 
will have the general form 

F ^ f{A,V,p,yj,gc) 

where ge must be included since the FLMt system is used. Dimensionally for any 
form of the unknown function /, the following relationship must be satisfied: 

[F] = [L21«[Lr-MnA/L-«]qFrL-*l''lAfLF-b--2]« 

For dimensional homogeneity, the exponents of FLMt on both sides of the equation 
must be the same: 


2F: 

1 ~ 

d 

— e 

2L: 

0 2a 

+5 -3c -2<i 

-f c 

St: 

0 = 

-6 + d 

-2e 

SAf: 

0 = 

c 

+ e 

When these simultaneous equations are solved, 



a - H - He 6-1 

-e d- 1+e 

c 


e - e 
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F « 





This can be rearranged (to obtain a more familiar equation), 


F 


V / \ / 


AV^p /.VHp\ 

ffc ^ \ PfUc ) 


A ns. 


Upon examination of this answer, it is noticed that two dimensionless groups have 
been obtained, 


AV^p 


and 


A^^Vp 

Me 


The answer obtained by dimensional analysis will always contain an 
unknown function that must be experimentally determined. Over a 
limited range of variables, it is often possible to describe the experimental 
data with a simple exponential function. Thus, the solution to Example 
1 can be premised to be 

ffc \ Me ) 

and this is a valid solution if values for the constant C and the exponent 
e can be found that will correctly evaluate the known results. (A series 
of terms, each with a different exponent and constant, could undoubtedly 
be found to describe a greater range.) 

The dimensionless number 


A'AVp ^ ^/pVp\ 

Me \ Pm J 

appears with great regularity whenever a dimensional analysis is made of 
fluid flow. In honor of Osborne Reynolds and his classic studies of fluid 
flow, this group has been named the Reynolds number. The Reynolds 
number is abbreviated Re and is defined as 


Re = ^ ^ ^ 

Pm P/Qc 


(A-l) 


Experimentally it is found that, if two different fluids in flow under 
apparently dissimilar conditions have the same Re, the flows are dynami¬ 
cally similar. 

A number of rules are available to facilitate dimensional analysis: 

1. The number of dimensionless groups obtained will equal the number 
of factors less the number of fundamental dimensims. 

2. If two of the simultaneous equations give the same answer, an additional 
dimensionless group will be obtained over the number predicted by rule 1. 
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3. (a) // the list of variables contains both [/^ and [M], the dimensional 
constant gc should be included, for then the answer is general for any system 
of dimensions {Table 1-1). (b) However, if the dimensions [F] and [M] 

both appear more than once, the constant may be superfluous. 

Directional dimensional analysis^ can be used to obtain, in some cases, a 
more informative analysis. In this system, the direction of a force F,, 
a length Ly, a velocity dLxIdr, or a heat flow dQxjdhx is shown by a sub¬ 
script (in this instance, for cartesian coordinates). Then a length Ly, for 
example, will not cancel a length L*, since the dimensions are different. 
From this viewpoint, the Reynolds number is not dimensionless but has 
the dimensions of a tangent: L*/Ly. 

For example, viscosity is defined (Art. 1-8) as 

VIA 

dz 


and with the conventional analysis 



which is physically meaningless. In directional dimensions, 


Hence, 


F - ma = mor p/ 

A =* LxLy 

^ /^\ r^i 

dz ” dL. V dr 

, r ML,L., 1 f iWi. I _ fMF.I 
” LixViJ VL.L,r\ L A,. J 


Here viscosity is shown to be the momentum MV^ transferred normal to the flow {x 
direction) per unit of cross-sectional area parallel to the direction of flow. (This is a 
nice physical picture for the viscosity of gases, but for liquids it is unrealistic since it 
ignores entirely the cohesion between molecules, which is probably a primary effect.) 

A-3. Rejmolds Number. The concept of one-dimensional flow (Art. 
5-1) implies an ideal fluid (Fig. 1-2) since the viscosity ofti real fluid is 
responsible for two distinct types of flow. When the velocity is low, 
definite macroscopic elements of the fluid move in a fixed layer, or stratum, 
guided in direction by the boundaries of the system. At the boundary, 
the fluid has zero velocity, but each succeeding stratum away from the 
boundary slips past its neighbor at a faster speed. For example, in a 
round pipe, a very thin annular layer of fluid next to the wails has zero 
velocity, but each succeeding annulus of fluid has a correspondingly 
greater velocity until the center of the pipe is reached. The distribution 
of velocity across the pipe is parabolic (Fig. A-la), and the fluid motion 
is called laminar, streamline, or viscous flow. 
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As the mass velocity is increased, radial components of velocity may 
be imparted to elements of fluid from wall projections or other disturb¬ 
ances, and eddies appear—the flow is turbulent (Fig. A-lb). In turbulent 
flow, the velocity distribution tends to be uniform except near the walls, 
where the velocity must necessarily approach zero within a very thin 
laminar sublayer. For flow in pipes, the velocity distribution in turbulent 
flow is such that the average velocity is about 0.8 of the maximum 
velocity. [For flow through a nozzle, however, the walls are polished, 
and the ratio of average to maximum velocity is closely unity, and the 
flow is closely one-dimensional (Fig. A-lc).] 

The transition from turbulent to laminar flow depends on the Reynolds 
number. Re. For circular pipes. Re « 2,000 is considered to be the 
lower critical Re. Below this value, turbulent flow cannot be main¬ 
tained—laminar flow is stable to disturbances. 



{a) Laminar(streomline) flow in pipes 
W^;no* = 0.50 
/?^>< 2,000 




[b) Turbulent flow in pipes (r) Velocity of mouth of nozzle 
^ov/J^ox0.8 (Hottel.Kolitmsky) 

Re>2,200 l^ov/Knox >0.99 


Fig. A-1. Velocity-distribution diagrams in round conduits. 


Laminar flow will persist to high Reynolds numbers if a long “stilling 
time,^' a smooth approach, and no impulses are present. Reynolds 
numbers of 40,000 and higher have been reported for laminar flow when 
extraordinary precautions were taken to avoid disturbances to the flow 
as the velocity was raised. Thus, the upper critical Re appears to be 
indeterminate; that is, the disturbance necessary to induce turbulent flow 
simply decreases in magnitude with increase in Re. (However, in com¬ 
mercial piping, disturbances are always present, and Re « 2,200 is con¬ 
sidered to be a relatively sharp boundary between laminar and turbulent 
flow.) 

The Re is clearly a ratio of two forces: impulse and viscous (lb/ sec/ft*) 
forces. Thus, Re « 2,200 (for circular pipes) dividesf the flow regime 
into a region dominated by inertia forces and another region dominated 
by viscous forces. 

A-4. Velocity of Sound. It is known from experience that pressure 
changes are propagated through substances at high speeds. To investi- 

t Whenever Re is specified for other than circular passages, inquiry must be made 
as to the dimension represented by D (a characteristic length). 
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gate the phenomenon, consider the plane pressure discontinuity in Fig. 
A-2a, which is moving at high velocity Vi into a fluid at rest. Assume 
that directly behind the front of the pressure increase, the fluid moves 
at a lesser velocity V 2 . Let the observer be located on the plane dis¬ 
continuity (Fig. A-26), so that to this observer the system is steady-flow 
with fluid entering at high velocity and leaving at a lower velocity (but 
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Fig. A-2. (a) Plane pressure discontinuity s-s moving at velocity Vi relative to an 
external observer; (6) the plane pressure discontinuity relative to an observer located 
on the plane. 


with higher values of temperature and pressure). The equations of con¬ 
tinuity and momentum can be applied, with wall forces being neglected. 
Thus, one of Eqs. (13-45) is rearranged and reduced to (Ai = ^ 2 ) 

Vi^ 

Pi — + P2 = pi-h Pi 

Qc Qc 

Similarly, for the continuity equation [Eq. (5-6a)], 


PlFi = P2Fr 


Then, by substitution, 


Fi = 



^ P^ "" Pi 

Pi P2 ““ Pi 


1^1 



Pi — Pi 

Vi - V2 


(A-2a) 


Equation (A-2a) relates the velocity of a “shock front” to the correspond¬ 
ing pressure rise and density change. The stronger the shock front 
(P 2 — Pi), the faster will the disturbance travel. 

The phenomenon called sound travels as a longitudinal wave of alter¬ 
nate pressure increases and decreases (since it originates from a vibrating 
source), but each pressure pulse can be treated by Eq. (A-2a) if certain 
modifications are made. It can be surmised that various speeds could 
be assigned to various sounds, depending oh the intensity. However, as 
P 2 approaches pi, the ratio p 2 /pi approaches unity and Ap/Ap should 
approach a limit. Unfortunately, the value of the limit depends on the 
frequency of sound. At low frequencies, it is found from experiment 
that the limit corresponds to an adiabatic process, while, with increase 
in frequency, the limit for gases tends toward an isothermal process.* 
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It is customary, however, to define arbitrarily the concept of the acoustic^ 
or soniCy velocity as 


since this limiting value is quite closely approached by sounds in the aural 
frequency range. 

For the ideal gas, the isentropic relationship between pressure and 
density is py* = C. Therefore, 


a = (A-2c) 

and, for air (k = 1.4), 

a.„ = 49.1 VT (A-2d) 

Note that the sonic velocity increases with temperature increase of the 
gas. Also, gases with small molecular weights M or large k values have 
relatively larger sonic velocities. 

For the concept of an incompressible fluid, Eq. (A-26) shows that the 
speed of sound would be infinite. In liquids, changes of density with 
pressure are small relative to gases, and sound velocities are correspond¬ 
ingly larger (roughly, a factor of 5 for atmospheric conditions). On the 
other hand, the equation of state for a liquid has the form 

V = f(T)p + (terms not involving pressure) 

and since compression of a liquid changes its temperature little, 

dp\ dp\ Ap 

av /, dv )t 

Hence, quite closely, large or small disturbances in liquids travel at essen¬ 
tially the same speed. 

A-6. Mach Number. An important parameter to distinguish certain 
flow regimes is the Moch number, 

Ms- (A-3) 

which is the ratio of the actual velocity to the sonic velocity computed 
for the state where the velocity V exists. When the Mach number is 
less than 1, the flow is subsonic; for Mach numbers greater than 1, the 
flow is supersonicy or hypersonic (for, say, M > 3.5). The properties of 
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the fluid at M = 1 or any measurement pertinent to this state are usually 
designated by an asterisk (*), 

A* V* = a* p* T* p* (etc.) 

A-6. Calculus Fundamentals, t Mathematics, like thermodynamics, 
is a discipline based upon postulates and definitions; if the postulates and 
definitions are not thoroughly understood, little progress will be made 
in either subject. In this review, emphasis is laid upon certain aspects 
of the calculus which are often misunderstood and which are of importance 
in the study of thermodynamics. (But it should be remarked that the 
pure mathematician would quarrel with several of the statements to follow 
on the grounds that they are too restrictive for his purposes.) 

a. Set. A collection of particular things. 

In this text set will refer specifically to numbers: set of numbers between 3 and 6 , 
for example. 

h. Variable. A quantity which can take on any of the numbers of some set. 

Thus, the name variable may designate a “point^^ quantity such as x, or an incre¬ 
mental quantity such as Ax, or a quantity given by a complicated formula. 

c. Function. A rule {or formula) which yields a singlet value y for 
each value x of a set D. 

The variable x is called the independent variable since its value is 
selected at will from the set D; the variable y is called the dependent 
variable since its value depends upon the value assigned to x. The set D 
is called the domain of the function (or the range of the variable x). The 
range of the variable y is the set of values yielded by the function. 

The dependence of y upon x dictated by the function has led to the 
practice of loosely calling y a function of x: A variable y is said to be a 
function of another variable x {or of several other variables^ xi, X 2 , . . .) if 
a single definite value {of y) is obtained for each value assigned to the variable 
X {or for each set of values assigned to the several variableSy Xiy x^j . . .). 

Note that the definition of a function agrees with what the pure mathe¬ 
maticians call a ‘^single-valued function.’' But as Menger^ points out: 

The general concept of a many-valued function is ph 3 ^sically useless; moreover, 
it is also unimportant in the elements of mathematics. In calculus we differ¬ 
entiate and integrate exclusively one-valued functions and even in the theory of 
complex functions we study only a very limited class of many-valued functions. 

t This review is necessary since there is no single text that can be used as a reference 
(and many of the current texts in applied mathematics are misleading). 

X And where two or more values might appear (as in, for example, ?/* ** x), the 
restriction is preserved by specifying the range of the variable y under study, for 
example, 3 / ■« -f- \/i. Thus, is redundant (but not undesirable) to specify single¬ 
valued functions. 
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The results, of most experimental work yield functions given by tabulated data 
(for example, the Steam Tables, or the temperature-time report in the newspaper) 
although in the classroom functions are usually presented in equational form (such 
as j/ »= x*). The functional relationship in all cases can be symbolically indicated by 
an equation, 

y = fix) 

Here y is the dependent variable since its value is fixed by the function / operating 
upon the independent variable x; conversely, x is the independent variable since its 
value is arbitrarily assigned. Another symbolism is 

y = y(x) 

wherein the symbol f is replaced by y for the function. The inverse function is shown 
by the notation 

X = F(y) or x = x(y) 

and the roles of dependent and independent variables are interchanged (and by so 
doing a restriction may need to be added; see the second footnote on page 487). 

It should also be noted that the mathematician uses different symbols for different 
functions, 

V = fir) V - FiD 

whereas the engineer and the physicist use the same symbol for functions of identical 
meaning, t 

V = F(r) V = F(L) 

In thermodynamics, the variables include quantities such as temperature, pressure, 
and specific volume. Then, when we say that a property is ia. function of other prop¬ 
erties, we mean that when values are assigned, say to specific volume and tempera¬ 
ture, one and only one value is found for pressure, 

p — f(v,T) or p = pi^fT) 

d. Limit. The symbols 

lim f{x) = A or f{x) A as x —> a 

x—*a 

stand for the statement: The limit of f{x) as x approaches a (by any 
arbitrary sequence) is A. This means that the values of f{x) can be 
made to be as close to A as desired, provided that x is taken to be suffi¬ 
ciently close to a. 

For example, if the function is x* and x approaches 2 , the limiting value of 4 is 
approached by x* as x approaches 2 from either direction. In this instance, the func¬ 
tion actually attains the value of 4 (when x *= 2). On the other hand, a function 
such as (sin x)/x has the limit 1 as x approaches zero, but strictly speaking, it can 
never reach this value since, at x = 0, (sin x)/x « % and division by zero has no 
meaning. 

e. Continuity. A function f(x) is continuous at a point x = a ii: 

I. The limit of /(x) as x approaches a e^sts (assumes some unique 
finite value). 
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2. This limit is equal to the value of /(a), 

lim f(x) = /(a) = finite number 

x—*a 

Throughout this text, only regions where functions are everywhere continuous (and 
single-valued) are studied. Continuity in a region implies that the curve or graph of 
the function in that region is an unbroken line or surface (and the derivative of the 
continuous function will also be continuous in that region if the unbroken line or sur¬ 
face is smooth —has no sharp point or cusp where the derivative fails to exist). 

/. Infinity. A function such as is discontinuous at x = 0 because, 
as X approaches this value, the value of the function l/x* increases with¬ 
out limit. The function is said to become infinite or to approach infinity. 

Infinity is a word with several implications. One meaning is that given 
any number, say 10^, a function such as l/x^ gets and stays bigger than 
10® when |a:| is sufficiently small. The other meaning (which really 
deserves a separate name) describes the number of objects in a set, say 
the set of terms in a series which is not finite: there is an infinity (or an 
infinite collection) of terms. 

To the practical engineer, infinity represents the realm beyond the precision of his 
measurements. Thus, when theory demands an infinity of terms in a series or an 
infinity of heat reservoirs to enable heat to be reversibly transferred at, say, constantly 
increasing temperature, we can inquire as to the required precision. Then we need 
supply only a few terms of a series (two or three are not unusual) or a few heat reser¬ 
voirs to obtain answers valid within the precision of our measurements. 

g. Infinitesimal. An infinitesimal is a variable which at some stage of 
the discussion is allowed to approach zero as its limit. 

Note that an infinitesimal is not, necessarily, a very small quantity. A variable 
Ax, for example, may be called an infinitesimal even though its value is relatively 
large; the crux of the matter is that at some stage of the discussion Ax must be allowed 
to approach zero. 

h. Derivative. A derivative is not the division of Ay by Ax when 
Ax = 0 since division by zero has no meaning; it is the limiting value of 
the ratio Ay/Ax when Ax approaches zero by any arbitrary sequence. 

i. Maxima, Minima, and Inflection Points. Draw a graph of y versus 
X with maxima, minima, and inflection points. Note that points where 
dy/dx = 0 locate maxima, minima, and certain inflection points (locate 
points where the tangent becomes horizontal). Points where d^y/dx^ = 0 
may be inflection points (points where the tangent reverses the direction 
in which it turns) (decide whether this requirement, a necessary require¬ 
ment, is also sufficient; test, for example, y — x^). 

j. Differential. The increment of the dependent variable is a function 
of increments of the independent variables (usually a complicated func¬ 
tion involving powers higher than the first). But the differential of the 
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dependent variable {called an exacts totals or complete differential) when it 
exists is defined as the linear part of the function {the principal part of the 
increment), 

dy = ^ Ax (A-4a) 

ax 

Nothing in the definitions requires Ax or Ay to be small! The differential 
is a linear function of Ax (or A:r and Ay) and is particular to a point—the 
point where dy/dx [or dz/dx)y and bzjby)^ is evaluated—and Eqs. (A-4a) 
and (A-5a) describe the various functions at different points. 

As further definitions, the differentials of the independent variables are 
declared equal to their increments; thus Eqs. (A-4a) and (A-5a) are 
usually written as 

dy = ^dx (A-46) 

It is a theorem that Eqs. (A-46) and (A-56) hold whether or not x in Eq. (A-4a) 
and Xy y in Eq. (A-5a) are the independent variables [that is, whether dx (or dx and 
dy) is the differential of a dependent or an independent variable]. But this fact 
does not dispute the fundamental definitions [Eqs. (A-4a) and (A-5a)]. [The student 
usually concludes, quite erroneously, that Eqs. (A-46) and (A-56) are something per¬ 
taining to infinitely small changes, quite forgetting that Eqs. (A-4o) and (A-46) are 
the exact equivalents and with Ax and Ay assuming values as large as we please.) 

k. Relationships among Partial Derivatives. In many instances, the 
independent variables are themselves functions of other variables. 

Suppose that z = z(x,y), while x = x{UyW) and y » y{u,w) \ then an increment Au, 
at constant w, will have corresponding increments in z, x, and y, 

“ iX+ SX + 

Equation (a) can be divided by Aw, 

Aw dx)y Aw By/x Aw * Aw ^ Aw 
As Aw approaches zero as its limit, by definition of a derivative, 

Five variables: 

du/w Bx/ y Bu/w By f X Bu/w 

since both c and ri become zero when Aw becomes zero. The partial derivatives BzfBx)y 
and BzfBy)x are constants in this limiting process since they are the values of the 
derivatives at the point where the limit is reached; they are not related to Ax, Ay, or 


(a) 

{b) 

(A-6a) 
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For the case where x x(y,w), the foregoing steps could be modified by dividing 
by Ay at constant w to yield, finally, 

Four variabkB: |)^ - +1)^ (A-66) 

Equations (A-6) are readily memorized by noting that they are equivalent to the 
basic equation (A-5b) with apparent division by du)^ or etc. 

Formulas can be derived to facilitate calculation of partial derivatives from implicit 
functions. Consider, first, 

u * F{x,y,z) (c) 


Then, t by Eq. (A-5b), 

, dF , .dF , ,dF , ... 

where the differentials dx, dy, and dz are simply increments since x, y, and z are all 
independent variables. For the case where u is a constant, du ■» 0, and either x, y, 
or 2 can become the dependent variable. Upon selecting z, by Eq. (A-5a), 


, dz ^ . dz ^ 

dz « ~ Ax + — Ay 
dx dy 


(e) 


When (e) is substituted into (d) with dw ■* 0 (and x and y as the independent variables), 

raF , aF azi ^ . n in 


and 


Since Ax and Ay are independent variables, each bracketed quantity must be zero to 
satisfy the equation; therefore, 


^ _ dx/y,z 
dx)y “ 

dz )y,x 


(A.7) 


and similarly for dzfdy)x. Equation (A-7) is the tool that enables a particular deriva¬ 
tive to be easily obtained from an implicit function of the variables. 

When the foregoing analysis is repeated, but with x selected as the dependent vari¬ 
able, the reciprocal of Eq. (A-7) is obtained. This shows (what seems self-evident) 
that the partial derivatives can always be inverted if the same variable is held constant, 

if’) _J_ Fif’) ^ol 

dx}y VdZ}y J (A-8) 

dzjy 

Each of the three derivatives dy/dz)xf dz/dx)y, dx/dy), can be found from equations 
similar to Eq. (A-7). When the three equations are multiplied together, 

Three variables: *—1 (A-9) 

dz)xdx)ydy)t 


t Here the symbol F is introduced to stand for the function F{x,y,z) in place of the 
s)rmbol u. 
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It is well to note that partial derivatives and total derivatives differ in one important 
respect: the total derivative, which is the limit of a ratio, is also equal to the ratio of 
two differentials; the partial derivative, however, although it, too, is the limit of 
a ratio, cannot be picked apart as a ratio of differentials. Consider the product 

^ I I • Here, if dx is construed to be the same quantity in both terms, cancella- 
dx/ydy/t 

tion would yield + ^ J and this answer has the wrong sign [Eq. (A-9)]. 
oy/x 

Consider that x = x{y,w); by Eq. (A-5fe), 


dx “ dy -h dw 

dy/w dw/y 


And if 2 / « y{z,w) 


dy 


dz 


z)x 


Az -f Alt) 

» dw/z 


By substituting (A) into {g) (and considering that z and w are independent). 

But x is also a function of z and w, 


, dx\ ^ . dx\ 

dx ^ Az -f — ) 
dz/w dw/z 


Alt) 


(ff) 


(h) 

(»■) 

(j) 


Since z and w are independent variables, the coefficients of Az and Ait) in (i) and {j) 
must be equal. [The Aio terms will yield Eq. (A-6fe).] For the Az terms, 


or 

Four variables: 


dz)w dy/w dz/w 


dy/w dz / w dx) w 


(A-IO) 


Equations (A-9) and (A-10) are easily memorized by noting the apparent cancella¬ 
tion of the parts of the derivatives: if the variables held constant all differ (and there 
are three variables), then the product is —1; if only one variable is held constant (and 
there are four variables), the product is +1. 

The partial derivatives can be differentiated a se ond time to obtain the second 
partial derivatives. 


d dz _ d*Z d dz __ d** 

dx dx dx* dy dy dy^ 

and the second cross partials, 

A ^ ^ ^ d*z 

dx dy dx dy dy dx dy dx 

If all derivatives are continuous in the interval considered, the cross partials are equal 
{test of exactness) and the order of differentiation is immaterial. 



REFERENCE MATERIAL 


493 


PROBLEMS 

1 . Find an expression for the period of a pendulum by dimensional analysis. 

2. Determine by dimensional analysis the form of the equation in the engineering 
FMLt system for the velocity of sound in a gas if the variables are velocity, density, 
and pressure of the gas. 

3. Repeat Prob. 2, but use the FLt system. 

4 . Show that the pressure gradient for liquid flowing in a pipe is given by 

pYI f f 

AL Dg/\DVpJ 

where D is the diameter and L is the length of the pipe. 

6 . Air is flowing through a pipe of 1.820 in. diameter at a rate of 1.173 lb«/sec. 
The temperature of the air is 60®F. Determine the value for Re. Ans. 816,000. 

6 . Show that Re is a ratio of two forces, and discuss. 

7. Write out, in words, exactly what is meant by the lower and upper critical Re. 

8 . Deduce why the acoustic velocity at high frequencies is expressed better by an 
isothermal limit in Eq. (A-25). 

9. If 1 / * fix) and x » a is an inflection point, then d'^yldx^ * 0 at a. Show (using 
y « X*) that the converse statement—^if d^y/dx*ia) * 0 , then a is an inflection point— 
is false. Hence, d*y/dx*ia) « 0 is a necessary but not a sufficient condition for an 
inflection point at a. What conditions, in addition to d*y/dx*(o) ■* 0 , are sufl&cient 
conditions for an inflection point a\ a? 
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Table B-1. Definitions and Conversion FACTORsf 
Gravitational Acceleration 

^0 standard acceleration of gravity = 32.1739 ft/sec* *= 980.665 cm/sec* 
g — local acceleration of gravity 

Force 

1 poundal will accelerate 1 pound mass (Ibm) at rate of 1 ft/sec*. 

1 pound force (lb/) will accelerate 1 lb« at rate of go ft/sec*. 

1 lb/ will accelerate 1 slug at rate of 1 ft/sec*. 

1 gravitational lb/ will accelerate 1 lb« at rate of g ft/sec*. 

1 dyne will accelerate 1 g« at rate of 1 cm/sec*. 

1 kilogram force (kg/) will accelerate 1 kilogram mass (kgm) at rate of go cm/sec*. 
32.1739 poundals/lb/ 1 lb/ = 32.1739 poundals 

980.665 dynes/kg/ 1 kg/ « 980,665 dynes 

13,825 dynes/poundal 1 poundal =* 13,825 dynes 

444,805 dynes/lb/ 1 lb/ =* 444,805 dynes 

980.665 dynes/g/ 1 g/ * 980.665 dynes 

Length 

1 cm =» 0.01 m « 0.3937 in. (int.) « 10^ microns (m) =* 10® angstroms 
1 in. = 2.54000 cm 
1 ft =» 12 in. * 30.4801 cm 
1 yd =» 3 ft = 0.9144 m 
1 mile = 5,280 ft * 1.609 km 
1 nautical mile ■= 6,080.27 ft 
1 m » 39.37 in. 

1 mile/hr (mph) « 88 ft/min = 44.70 cm/sec 
1 knot =* 1 nautical mile/hr 


Temperature 
°F - 1,8°C -f- 32 


Degree Rankine ('^R) - '^F + 459.69 
Degree Kelvin ('’K) » °C + 273.16 
1.8‘»R/®K 

IT cal Btu 
g« "K " ^ lb„ ‘^R 


1 


cal 

gm°K 


0.999346 .j - — 

Ibm R 


"C 


°F - 32 


1.8 


t American Petroleum Institute Research Project 44, National Bureau of Standards, 
Washington, 1952. 
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Table B-1. Definitions and Convebsion FAcrroBS {Continued) 
Mass Equivalents 

1 dram (dr) (avoirdupois) « 27.34 g« 

1 ounce (oz) (avoirdupois) *= 16 dr 
1 Ibm (int.) = 453.59237 gm “ 16 oz ~ 7,000 grains 
1 ton (short) =* 2,000 Ibm 
1 gm — 15.432 grains 
1 kg,n = 2.200462 Ib^ 

1 slug = 32.1739 Ibm 


Pressure Equivalents 

1 lb//in.* - 2.03601 in. Hg at 32°F = 2.307 ft H,0 at 4°C « 0.0':'03067 kg//cm» 
I in. Hg = 33,864 dynes/cm* = 0.0334211 atm = 0.491157 lb//in.* 

1 in. H 2 O (4°C) = 0.07354 in. Hg (32°F) = 0.03612 lb//in.* = 5.201 lb//ft* 

1 lb//ft* = 4.882 kg//mm* 

1 kg//cm* = 14.2234 lb//in.* 

] atm = 14.6960 lb//in.» = 760 mm Hg (32°F) - 29.9212 in. Hg (32®F) 

= 1.03323 kg//cm> = 1,013,250 dynes/cm* = 33.934 ft H 2 O (OO^’F) 

1 bar = 10® dynes/cm* = 0.9869 atm 

Absolute pressure = (barometric pressure) -f (gauge reading) 

= (baron»etric pressure) — (vacuum reading) 


Work — Energy—Power 


1 foot-poundal (ft-poundal) is work done by 1 poundal exerted through a distance of 
1 ft. 

1 foot-pound force (ft-lb/) is work done by 1 lb/ exerted through a distance of 1 ft. 
1 erg is work done by 1 dyne exerted through a distance of 1 cm. 


10 ^ ergs/joule 
1.000165 joules/int. joule 
3,600(10®) joules/kwhr 
3,600(10^°) ergs/kwhr 
2,615,218 ft-lb//kwhr 
1.000165 watts/int. watt 
1,055.040 joules/Btu 
778.16 ft-lb//Btu 


1 joule/(sec) (watt) 

44.261 ft-lb//(min)(watt) 
860.421 cal/watthr 
859.858 IT cal/watthr 
745.701 watts/hp 
2544.48 Btu/hp-hr 
1.341 hp-hr/kwhr 
3412.19 Btu/kwhr 


251.996 IT cal/Btu 

1 Btu 

0.555919 cal 

252.161 cal/Btu 

Ibm 

gm 

1.000654 cal/IT cal 

1 cal ^ 

1.798823 Btu 

42.408 Btu/(min)(hp) 

gm 

Ibm 

33,000 ft-lb//(inin)(hp) 

1 IT cal 

1.8 Btu 

550 ft-lb//(sec)(hp) 

gm 

* Ibm 


Notes: 

Btu without prefix is understood to be the international (IT) Btu (see page 19). 
Joule (or watt or kilowatthour) without prefix is understood to be the absolute 
joule (or watt or kilowatthour). 

Calorie without prefix is understood to be the defined, or thermochemical, calorie. 
See Art. A-1 for discussion of electrical units. 
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Table B-1. Definitions and Conversion Factors {CorUinued) 


Area 

1 cm* » 0.156 in.* 

1 in.* - 6.45163 cm* - 6.94444(10-*) ft* 

1 ft* « 929.034 cm* « 144 in.* 

Density 

1 lb«/ft* » 0.0160184 g^/cm» = 5.78704(10-*) lb«/in.* 

1 g«/cm» * 1.000028 gjm\ * 0.0361275 Ib^/in.* = 62.428 lb^/ft» 
*» 8.3455 Ibrn/gAl 


Volume 

1 liter « 0.0353154 ft* * 1,000.028 cm* = 1,000 ml * 0.264178 gal 
*= 61.0251 in.* 

1 ft* 28.3162 liters * 7.48052 gal 
1 gal « 231 in.* = 0.133681 ft* * 3,785.43 cm* 

1 in.* - 16.3872 cm* 

Miscellaneous 

ln« X »= 2.3025851 logio x 1 radian = 57.296® 


Conversion Factors for Viscosity! 


To^ convert 
viscosity in 
centipoises 
to viscosity in: 

poises = 

1 dyne sec 
cm* 

1 g 

lb,n 

ft sec 

lb,n 

ft hr 

lb/ sec 

ft* 

slug 

ft sec 

kgm 

m sec 

kg/ sec 

m* 

sec cm 

Multiply by 

1 

0.000672 

2.42 

0.0000209 

1 

0.000102 

100 

1,000 


t Reproduced from J. H. Perry (ed.), “Chemical Engineers’ Handbook,” 3d ed., 
McGraw-Hill Book Company, Inc., New York, 1950. 


To convert Saybolt Universal viscosity readings into absolute viscosity readings, 

^ - 2.20 X 10-V - — 

P T 

where /i * absolute viscosity, poises 
p — density, g/cm* 

T — time of efflux (Saybolt Universal sec) 

The above quantities are all to be measured at room temperature. 
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Table B-2. Heat-capacity Equations poe the Ideal-oas State 


Gas or 
vaport 

Equation 

Cp, Btu/(mole)(®R) 

Range, 

®R 

Maximum 
% error 

O 2 . 

^ ^ 172 1,530 

11.515-^+^ 

540-5000 

1.1 

N,. 

c, . 9.47 _ 

V rp rp^ 

540-9000 

1.7 

CO.... 

3.29(10*) , 1.07(10*) 

Cp - 9.46 - j, + j,, 

540-9000 

1.1 

H 2 O. .. 

597 7,500 

•=.-> 11 . 86 -^ + — 

c. . 16.2 - '•“<'“■> + 

1 

540-5400 

1.8 

0 

0 

540-6300 

0.8 






t R. L. Sweigert and M. W. Beardsley, Empirical Specific Heat Equations Based 
upon Spectroscopic Data, Georgia School Technol. Bull.y vol. 1 , no. 3, June, 1938. 


Cp * a + 6(10"*)T + c(10-«)r* -f d( 10 -»)r» (T, °K) 

- cal/(g mole)(°K) or closely Btu/(lbm mole)(°R) 


Gas or 
vaport 

a 

h 

c 

d 

Range, 

‘’K 

Maximum 
% error 

Air . 

6.713 

0.4697 

1.147 

-0.4696 

273-1800 

0.72 


6.557 

1.477 

-0.2148 

0 

273-3800 

1.64 

CO. 

6.726 

0.4001 

1.283 

-0.5307 

273-1800 

0.89 


6.480 

1.566 

-0.2387 

0 

273-3800 

1.86 

0 

p 

5.316 

14.285 

-8.362 

1.784 

273-1800 

0.67 

Cp * 

18.036 - 0.000044747 

- 158.08(r) 


273-3800 

2.65 

H 2 . 

6.952 

-0.4576 

0,9563 

-0.2079 

273-1800 

1.01 


6.424 

1.039 

-0.07804 

0 

273-3800 

2.14 

H 2 O . 

7.700 

0.4594 

2.521 

-0.8587 

273-1800 

0.53 


6.970 

3.464 

-0.4833 

0 

273-3800 

2.03 

O 2 . 

6.085 

3.631 

-1.709 

0.3133 

273-1800 

1.19 


6.732 

1.505 

-0.1791 

0 

273-3800 

3.24 

N 2 . 

6.903 

-0.3753 

1.930 

-6.861 

273-1800 

0.59 


6.529 

1.488 

-0.2271 

0 

273-3800 

2.05 

NH.. 

6.5846 

6.1251 

2.3663 

-1.5981 

273-1500 

0.91 

CH 4 . 

4.750 

12.00 

3.030 

-2.630 

273-1500 

1.33 

CsHg . 

-0.966 

72.79 

-37.55 

7.580 

273-1500 

0.40 

C 4 H 10 . 

0.945 

88.73 

-43.80 

8.360 

273-1500 

0.54 

CeH.. 

-8.650 

115.78 

-75.40 

18.54 

273-1500 

0.34 

C 2 H, . 

5.21 

22.008 

-15.59 

4.349 

273-1500 

1.46 

CH,OH. 

4.55 

21.86 

-2.91 

-1.92 

273-1000 

0.18 


t K. A. Kobe, Thermochemistry for the Petrochemical Industry, Petrol. Rejiner^ 
January, 1949-November, 1954. 
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Table B-3. Miscellaneous Physical Constants 

Heat Capacity and Density 
(At about 70®F) 



c 

Btu/(lb„)(‘^F) 

p 

lb„/ft» 

Aluminum. 

0.224 

169 

Copper. 

0.0918 

558 

Iron. 

0.122 

492 

Lead. 

0.0302 

708 

Nickel. 

0.111 

556 

Water (liquid). 

1.00 

62 

Water (ice at 32°F). 

0.487 

56 


Heat of Fusion 
(All values in Btu/lbm) 


Lead. 9.8 

Glycerin. 76.5 

Ice. 144.0 


Tube-thickness Data 
Size No., BWG\ Thickness, in. 


20 

18 

16 

14 

12 

10 

8 


0.035 

0.049 

0.065 

0.083 

0.109 

0.134 

0.165 


t Birmingham Wire Gauge. 


Standard Pipe 


Nominal 
diameter, in. 

Actual external 
diameter, in. 

Approximate inter¬ 
nal diameter, in. 

Nominal weight 
per foot, Ibm 


0.405 

0.27 

0.24 

yi 

0.540 

0.36 

0.42 

H 

0.840 

0.62 

0.85 

1 

1.315 

1.05 

1.68 

IH 

1.900 

1.61 

2.72 

2 

2.375 

2.07 

3.65 

4 

4.500 

4.03 

10.79 

8 

8.625 

8.07 

24.69 

10 

10.75 

10.19 

31.20 

12 

12.75 

12.09 

43.77 
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Table B-4. Steam Tables f 

Steam Table 1. Saturation: Temperatures 


Temp, 

op 

Abs press. 

Specific volume 
ft«/lbm 

Enthalpy 

Btu/lbm 

Entropy 

Btu/ab«.)(®F) 

Temp, 

pp 

Psia 

Sat. 

liquid 

Evap. 

Sat. 

vapor 

Sat. 

liquid 

Evap. 

Sat. 

vapor 

Sat. 

liquid 

Evap. 

Sat. 

vapor 

t 

P 

Vf 

Vfo 

V, 

hf 

hfe 

hg 

»/ 

»fo 

Bg 

t 

82® 

0.08854 

0.01602 

8306 

3306 

0.00 

1076.8 

1075.8 

0.0000 

2.1877 

2.1877 

82® 

35 

0.09995 

0.01602 

2947 

2947 

3.02 

1074.1 

1077.1 

0.0061 

2.1709 

2.1770 

85 

40 

0.12170 

0.01602 

2444 

2444 

8.05 

1071.3 

1079.8 

0.0162 

2.1485 

2.1697 

40 

50 

0.17811 

0.01603 

1703.2 

1703.2 

18.07 

1065.6 

1083.7 

0.0361 

2.0903 

2.1264 

50 

60 

0.2563 

0.01604 

1206.6 

1206.7 

28.06 

1059.9 

1088.0 

0.0666 

2.0893 

2.0948 

60 

70® 

0.3631 

0.01606 

867.8 

867.9 

38.04 

1054.3 

1092.3 

0.0746 

1.9902 

2.0647 

70® 

80 

0.5069 

0.01608 

633.1 

633.1 

48.02 

1048.6 

1096.6 

0.0982 

1.9428 

2.0360 

80 

90 

0.6982 

0.01610 

468.0 

468.0 

57.99 

1042.9 

1100.9 

0.1115 

1.8972 

2.0087 

90 

100 

0.9492 

0.01613 

350.3 

360.4 

67.97 

1087.2 

1105.2 

0.1295 

1.8531 

1.9826 

100 

no 

1.2748 

0.01617 

266.3 

265.4 

77.94 

1031.6 

1109.5 

0.1471 

1.8106 

1.9577 

no 

120® 

1.6924 

0.01620 

203.25 

203.27 

87.92 

1025.8 

1113.7 

0.1645 

1.7694 

1.9839 

120® 

130 

2.2225 

0.01626 

157.32 

167.34 

97.90 

1020.0 

1117.9 

0.1816 

1.7296 

1.9112 

130 

150 

3.718 

0.01634 

97.06 

97.07 

117.89 

1008.2 

1126.1 

0.2149 

1.6537 

1.8685 

150 

160 

4.741 

0.01639 

77.27 

77.29 

127.89 

1002.3 

1130.2 

0.2311 

1.6174 

1.8485 

160 

170 

5.992 

0.01646 

62.04 

62.06 

137.90 

996.3 

1134.2 

0.2473 

1.6822 

1.8295 

170 

180® 

7.610 

0.01651 

50.21 

60.23 

147.92 

990.2 

1138.1 

0.2630 

1.5480 

1.8109 

180® 

200 

11.620 

0.01663 

33.62 

33.64 

167.99 

977.9 

1145.9 

0.2938 

1.4824 

1.7762 

200 

210 

14.123 

0.01070 

27.80 

27.82 

178.06 

971.6 

1149.7 

0.3090 

1.4508 

1.7598 

210 

212 

14.690 

0.01072 

26.78 

26.80 

180.07 

970.3 

1160.4 

0.3120 

1.4446 

1.7666 

212 

220 

17.180 

0.01677 

23.13 

23.15 

188.13 

965.2 

1153.4 

0.3239 

1.4201 

1.7440 

220 

240® 

24.969 

0.01692 

16.306 

16.323 

208.34 

952.2 

1160.6 

0.3531 

1.3609 

1.7140 

240® 

250 

29.826 

0.01700 

13.804 

13.821 

218.48 

946.5 

1164.0 

0.3675 

1.3323 

1.6998 

250 

260 

35.429 

0.01709 

11.746 

11.763 

228.64 

938.7 

1167.3 

0.3817 

1.3043 

1.6860 

260 

270 

41.858 

0.01717 

10.044 

10.061 

238.84 

931.8 

1170.6 

0.3958 

1.2769 

1.6727 

270 

290 

57.556 

0.01735 

7.444 

7.461 

259.31 

917.5 

1176.8 

0.4234 

1.2238 

1.6472 

290 

300® 

67.013 

0.01745 

6.449 

6.466 

269.69 

910.1 

1179.7 

0.4369 

1.1980 

1.6350 

300® 

310 

77.68 

0.01755 

5.609 

5.626 

279.92 

902.6 

1182.5 

0.4504 

1.1727 

1.6231 

310 

320 

89.66 

0.01765 

4.896 

4.914 

290.28 

894.9 

1185.2 

0.4687 

1.1478 

1.6116 

320 

340 

118.01 

0.01787 

3.770 

3.788 

311.13 

879.0 

1190.1 

0.4900 

1.0992 

1.5891 

340 

350 

134.63 

0.01799 

3.324 

3.342 

321.63 

870.7 

1192.3 

0.5029 

1.0764 

1.6783 

350 

370® 

173.37 

0.01823 

2.606 

2.625 

342.79 

853.5 

1 

1196.31 

0.5286 

1.0287 

1.6573 

370® 

390 

220.37 

0.01850 

2.0651 

2.0836 

364.17 

835.4 

1199.6j 

0.5539 

0.9832 

1.5371 

390 

400 

247.31 

0.01864 

1.8447 

1.8633 

374.97 

826.0 

1201.0 

0.5664 

0.9608 

1.5272 

400 

420 

308.83 

0.01894 

1.4811 

1.6000 

396.77 

806.3 

1203.1 

0.5912 

0.9166 

11.6078 

420 

440 

381.59 

0.01926 

1.1979 

1.2171 

418.90 

785.4 

1204.3 

0.6158 

0.8730 

1.4887 

440 

450® 

422.6 

0.0194 

1.0799 

1.0993 

430.1 

774.5 

1204.6 

0.6280 

0.8513 

1.4793 

450® 

470 

514.7 

0.0198 

0.8811 

0.90091 

452.8 

751.6 

1204.3 

0.6523 

0.8083 

1.4606 

470 

490 

621.4 

0.0202 

0.7221 

0.7423 

476.0 

726.8 

1202.8 

0.6766 

0.7653 

1.4419 

490 

500 

680.8 

0.0204 

0.6545 

0.6749 

487.8 

713.9 

1201.7 

0.6887 

0.7438 

1.4325 

500 

540 

962.5 

0.0216 

0.4434 

0.4649 

536.6 

656.6 

1193.2 

0.7874 

0.6568 

1.3942 

540 

580® 

1325.8 

0.0228 

0.2989 

0.3217 

588.9 

588.4 

1177.3 

0.7872 

0.5659 

1.3532 

680® 

600 

1542.9 

0.0236 

0.2432 

0.2668 

617.0 

548.5 

1166.6 

0.8131 

0.6176 

1.3307 

600 

640 

2069.7 

0.0260 

0.1538 

0.1798j 

678.6 

462.0 

1130.6 

0.8679 

0.4110 

1.2789 

640 

680 

2708.1 

0.0305 

0.0810 

0.1116 

757.3 

309.9 

1067.2 

0.9351 

0.2719 

1.2071 

680 

700 

8093.7 

0.0369 

0.0392 

0.0761 

823.3 

172.1 

995.4 

0.9905 

0.1484 

1.1889 

700 

705.4 

8206.2 

0.0503 

0 

0.0503 

i 

902.7 

0 

902.7 

1.0680j 

0 

1.0580 

705.4 


t Abstracted by permission from “Thermodynamic Properties of Steam" by Joseph H. Keenan and 
Frederick G. Keyes; published by John Wiley A Sons, Inc., New York. 
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Table B-4. Steam Tables {CorUinued) 
Steam Table 2. Saturation: Pressures 


Abe 

press., 

peia 


Specific volume 

Enthalpy 


Entropy 

Internal 

energy 

Abs 

press., 

psia 

Temp, 

op 

Sat. 

liquid 

Sat. 

vapor 

Sat. 

liquid 

Evap. 

Sat. 

vapor 

Sat. 

liquid 

Evap. 

Sat. 

vapor 

Sat. 

liquid 

Sat. 

vapor 

P 

t 

Vf 

Vg 

h/ 

h/g 

hg 

»/ 

8fg 

8g 

u/ 

Ug 

V 

1.0 

101.74 

0.01614 

333.6 

69.70 

1 1036.3 

1106.0 

0.1326 

1.8456 

1.9782 

69.70 

1044.3 

1.0 

2.0 

126.08 

0.01623 

173.73 

93.99 

1022.2 

1116.2 

0.1749 

1.7451 

1.9200 

93.98 

1051.9 

2.0 

3.0 

141.48 

0.01630 

118.71 

109.37 

1013.2 

1122.6 

0.2008 

1.6855 

1.8863 

109.36 

1056.7 

3.0 

5.0 

162.24 

0.01640 

73.52 

130.13 

1001.0 

1131.1 

0.2347 

1.6094 

1.8441 

130.12 

1063.1 

5.0 

6.0 

170.06 

0.01645 

61.98 

137.96 

996.2 

1134.2 

0.2472 

1.5820 

1.8292 

137.94 

1065.4 

6.0 

7.0 

176.85 

0.01649 

53.64 

144.76 

992.1 

1136.9 

0.2581 

1.5586 

1.8167 

144.74 

1067.4 

7.0 

8.0 

182.86 

0.01653 

47.34 

150.79 

988.5 

1139.3 

0.2674 

1.5383 

1.8057 

150.77 

1069.2 

8.0 

10 

193.21 

0.01659 

38.42 

161.17 

982.1 

1143.3 

0.2835 

1.5041 

1.7876 

161.14 

1072.2 

10 

14.696 

212.00 

0.01672 

26.80 

180.07 

970.3 

1150.4 

0.3120 

1.4446 

1.7566 

180.02 

1077.5 

14.696 

15 

213.03 

0.01672 

26.29 

181.11 

969.7 

1150.8 

0.3135 

1.4415 

1.7549 

181.06 

1077.8 

15 

20 

227.90 

0.01683 

20.089 

196.16 

960.1 

1156.3 

0.3356 

1.3962 

1.7319 

196.10 

1081.9 

20 

30 

250.33 

0.01701 

13.746 

218.82 

945.3 

1164.1 

0.3680 

1.3313 

1.6993 

218.73 

1087.8 

30 

35 

259.28 

0.01708 

11.898 

227.91 

939.2 

1167.1 

0.3807 

1.3063 

1.6870 

227.80 

1090.1 

35 

40 

267.25 

0.01715 

10.498 

236.03 

933.7 

1169.7 

0.3919 

1.2844 

1.6763 

235.90 

1092.0 

40 

50 

281.01 

0.01727 

8.515 

250.09 

924.0 

1174.1 

0.4110 

1.2474 

1.6585 

249.93 

1095.3 

50 

55 

287.07 

0.01732 

7.787 

256.30 

919.6 

1175.9 

0.4193 

1.2316 

1.6509 

256.12 

1096.7 

55 

60 

292.71 

0.01738 

7.175 

262.09 

915.5 

1177.6 

0.4270 

1.2168 

1. (>438 

261.90 

1097.9 

60 

65 

297.97 

0.01743 

6.655 

267.50 

911.6 

1179.1 

0.4342 

1.2032 

1.6374 

267.29 

1099.1 

65 

70 

302.92 

0.01748 

6.206 

272.61 

907.9 

1180.6 

0.4409 

1.1906 

1.6315 

272.38 

1100.2 

70 

80 

312.03 

0.01757 

5.472 

282.02 

901.1 

1183.1 

0.4531 

1.1676 

1.6207 

281.76 

1102.1 

80 

85 

316.25 

0.01761 

5. 168 

286.39 

897.8 

1184.2 

0.4587 

1.1571 

1.6158 

286.11 

1102.9 

85 

90 

320.27 

0.01766 

4.896 

290.56 

894.7 

1185.3 

[0.4641 

1.1471 

1.6112 

290.27 

1103.7 

90 

95 

324.12 

0.01770 

4.652 

294.56 

891.7 

1186.2 

0.4692 

1.1376 

1.6068 

294.25 

1104.5 

95 

100 

327.81 

0.01774 

4.432 

298.40 

888.8 

1187.2 

0.4740 

1.1286 

1.6020 

298.08 

1105.2 

100 

120 

341.25 

0.01789 

3.728 

312.44 

877.9 

1190.4 

0.4916 

1.0962 

1.5878 

312.05 

1107.6 

120 

140 

353.02 

0.01802 

3.220 

324.82 

868.2 

1193.0 

0.5069 

1.0682 

1.5751 

324.35 

1109.6 

140 

144 

355.21 

0.01805 

3.134 

327.13 

866.3 

1193.4 

0.5097 

1.0631 

1.5728 

326.65 

1109.9 

144 

150 

358.42 

0.01809 

3.015 

330.51 

863.6 

1194.1 

0.5138 

1.0556 

1.5694 

[330.01 

1110.5 

150 

160 

363.53 

0.01815 

2.834 

335.93 

859.2 

1195.1 

0.5204 

[1.0436 

1.5640 

335.39 

1111.2 

160 

170 

368.41 

0.01822 

2.675 

341.09 

854.9 

1196.0 

0.5266 

1.0324 

1.5590 

1340.52 

1111.9 

170 

180 

373.06 

0.01827 

2.532 

346.03 

850.8 

1196.9 

0.5325 

1.0217 

1.5542 

345.42 

1112.5 

180 

200 

381.79 

0.01839 

2.288 

355.36 

; 843.0 

1198.4 

0.5435 

1.0018 

1.54.53 

354.68 

1113.7 

200 

250 

400.95 

0.01865 

1.8438 

376.00 

J 825.1 

1201.1 

0.5675 

0.9588 

1.5263 

375.14 

1115.8 

250 

300 

417.33 

0.01890 

1.5433 

393.84 

809.0 

1202.8 

0.5879 

0.9225 

1.5104 

392.79 

1117.1 

300 

400 

444.59 

0.0193 

1.1613 

424.0 

780.5 

1204.5 

0.6214 

0.8360 

1.4844 

422.6 

1118.5 

400 

500 

467.01 

0.0197 

0.9278 

449.4 

755.0 

1204.4 

0.6487 

0.8147 

1.4634 

447.6 

1118.6 

500 

600 

486.21 

0.0201 

0.7698 

471.6 

731.6 

1203.2 

0.6720 

0.7734 

1.4454 

469.4 

1117.7 

600 

700 

503.10 

0.0205 

0.6554 

491.5 

709.7 

1201.2 

0.6925 

0.7371 

1.4296 

488.8 

1116.3 

700 

800 

518.23 

0.0209 

0.5687 

509.7 

688.9 

1198.6 

0.7108 

0.7045 

1.4153 

506.6 

1114.4 

800 

900 

531.98 

0.0212 

0.5006 

526.6 

668.8 

1195.4 

0.7275 

0.6744 

1.4020 

523.1 

1112.1 

900 

1000 

544.61 

0.0216 

0.4456 

542.4 

649.4 

1191.8 

0.7430 

0.6467 

1.3897 

538.4 

1109.4 

1000 

1200 

567.22 

0.0223 

0.3619 

571.7 

611.7 

1183.4 

0.7711 

0.5956 

1.3667 

566.7 

1103.0 

1200 

1400 

587.10 

0.0231 

0.3012 

598.7 

574.7 

1173.4 

0.7963 

0.5491 

1.3454 

592.7 

1095.4 

1400 

1500 

596.23 

0.0235 

0.2765 

611.6 

556.3 

1167.9 

0.8082 

0.5269 

1.3351 

605.1 

1091.2 

1500 

2000 

635.82 

0.0257 

0.1878 

671.7 

463.4 

1135.1 

0.8619 

0.4230 

1.2849 

662.2 

1065.6 

2000 

3000 

695.36 

0.0346 

0.0858 

802.5 

217.8 

1020.3 

0.9731 

0.1885 

1.1615 

783.4 

972.7 

3000 

3206.2 

705.40 

0.0503 

0.0503 

902.7 

0 

902.7 

1.0580 

0 

1.0580 

872.9 

872.9 

3206.2 

1.00 
(in. Hg) 

79.03 

0.01608 

652.3 

47.05 

1049.2 

1096.3 

0.0914 

1.9473 

2.0387 

47.05 

1087.0 

1.00 
(in. Hg) 
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Table B-4. Steam Tables (Continued) 
Steam Table 3. Superheated Vapor 


Abs press., 
psia 

(sat. temp) 

Temperature, ®F 

200® 

300® 

400® 

600® 

600® 

700® 

800® 

900® 

1000® 

1200® 

1600® 


V. . . . 

392.6 

452.3 

512.0 

571.6 

631.2 

690.8 

750.4 

809.9 

869.5 

988.7 

1227.0 

1 

h.... 

1150.4 

1195.8 

1241.7 

1288.3 

1335.7 

1383.8 

1432.8 

1482.7 

1533.5 

1637.7 

1857.5 

(101.74) 

«... . 

2.0512 

2.1163 

2.1720 

2.2233 

2.2702 

2.3137 

2.3542 

2.3923 

2.4283 

2.4952 

2.6137 


V. . . . 

78.16 

90.25 

102.26 

114.22 

126.16 

138.10 

150.03 

161.95 

173.87 

197.71 

245.4 

5 

h.... 

1148.8 

1195.0 

1241.2 

1288.0 

1335.4 

1383.6 

1432.7 

1482.6 

1533.4 

1637.7 

1857.4 

(162.24) 

a... . 

1.8718 

1.9370 

1.9942 

2.0456 

2.0927 

1.1361 

2,1767 

2.2148 

2.2509 

2.3178 

2.4363 


V. . . . 

38.85 

45.00 

61.04 

57.05 

63.03 

69.01 

74.98 

80.95 

86.92 

98.84 

122.69 

10 

h.... 

1146.6 

1193.9 

1240.6 

1287.5 

1335.1 

1383.4 

1432.5 

1482.4 

1533.2 

1637.6 

1857.3 

(193.21) 

8. . . . 

1.7927 

1.8595 

1.9172 

1.9689 

2.0160 

2.0596 

2.1002 

2.1383 

2.1744 

2.2413 

2.3598 




30.53 

34.68 

38.78 

42.86 

46.94 

51.00 

55.07 

59.13 

67.25 

83.48 

14.696 

h.... 


1192.8 

1239.9 

1287.1 

1334.8 

1383.2 

1432.3 

1482.3 

1533.1 

1637.6 

1857.3 

(212.00) 



1.8160 

1.8743 

1.9261 

1.9734 

2.0170 

2,0576 

2.0958 

2.1319 

2.1989 

2,3174 



22.36 

25.43 

28.46 

31.47 

34.47 

37.46 

40.45 

43.44 

49.41 

61.34 

20 

h.... 


1191.6 

1239.2 

1286.6 

1334.4 

1382.9 

1432.1 

1482.1 

1533.0 

1637.4 

1857.2 

(227.96) 



1.7808 

1.8396 

1.8918 

1.9392 

1.9829 

2.0235 

2.0618 

2.0978 

2.1648 

2.2834 



11.040 

12.628 

14.168 

15.688 

17.198 

18.702 

20.20 

21.70 

24.69 

30.66 

40 

h.... 


1186.8 

1236.5 

1284.8 

1333.1 

1381.9 

1431.3 

1481.4 

1532.4 

1637.0 

1857.0 

(267.25) 



1.6994 

1.7608 

1.8140 

1.8619 

1.9058 

1.9467 

1.9850 

2.0212 

2.0883 

2.2069 

V. . . . 


7.269 

8.357 

9.403 

10.427 

11.441 

12.449 

13.452 

14.454 

16.451 

20.44 

60 

h.... 


1181.6 

1233.6 

1283.0 

1331.8 

1380.9 

1430.5 

1480.8 

1531.9 

1636.6 

1856.7 

(292.71) 



1.6492 

1.7135 

1.7678 

1.8162 

1.8605 

1.9015 

1.9400 

1.9762 

2.0434 

2.1621 

V. .. . 



6.220 

7.020 

7.797 

8.562 

9.322 

10.077 

10.830 

12.332 

15.325 

80 

h.... 



1230.7 

1281.1 

1330.5 

1379.9 

1429,7 

1480.1 

1531.3 

1636.2 

1856.5 

(312.03) 




1.6791 

1.7346 

1.7836 

1.8281 

1.8694 

1.9079 

1.9442 

2.0115 

2.1303 




4.937 

5.589 

6.218 

6.835 

7.446 

8.052 

8.656 

9.860 

12.258 

100 

k.... 



1227.6 

1279.1 

1329.1 

1378.9 

1428.9 

1479.5 

1530.8 

1635.7 

1856.2 

(327.81) 

8. . . . 



1.6518 

1.7085 

1.7581 

1.8029 

1.8443 

1.8829 

1.9193 

1.9867 

2.1056 





4.081 

4.636 

5.165 

5.683 

6.195 

6.702 

7.207 

8.212 

10.213 

120 

h.... 



1224.4 

1277.2 

1327.7 

1377.8 

1428.1 

1478.8 

1530.2 

1635.3 

1856.0 

(341.25) 

8. . . . 

. 

, 


1.6287 

1.6869 

1.7370 

1.7822 

1.8237 

1.8625 

1.8990 

1.9664 

2.0854 


V. . . . 



3.468 

3.954 

4.413 

4.861 

5.301 

5.738 

6.172 

7.035 

8.752 

140 

h.... 



1221.1 

1275.2 

1326.4 

1376.8 

1427.3 

1478.2 

1529.7 

1634.9 

1855.7 

(353.02) 

8. . . . 



1.6087 

1.6683 

1.7190 

1.7645 

1.8063 

1.8451 

1.8817 

1.9493 

2.0683 

V. . . . 



3.366 

3.840 

4,288 

4.724 

5.152 

5.577 

6.000 

6.839 

8.508 

144 

h.... 



1220.4 

1274.8 

1326.1 

1376.6 

1427.1 

1478.0 

1529.6 

1634.8 

1855.7 

(355.21) 

8. . . . 



1.6050 

1.6649 

1.7157 

1.7613 

1.8031 

1.8420 

1.8785 

1.9461 

2.0652 


V. . . . 



3.008 

3.443 

3.849 

4.244 

4.631 

5.015 

5.396 

6.152 

7.656 

160 

h.... 



1217.6 

1273.1 

1325.0 

1375.7 

1426.4 

1477.5 

1529.1 

1634.5 

1855.5 

(363.53) 

8. . . . 

. 

... . 


1.5908 

1.6519 

1.7033 

1.7491 

1.7911 

1.8301 

1.8667 

1.9344 

2.0535 


V. . . . 



2.649 

3.044 

3.411 

3.764 

4.110 

4.452 

4.792 

5.466 

6.804 

180 

h.... 



1214.0 

1271.0 

1323.5 

1374.7 

1425.6 

1476.8 

1528.6 

1634.1 

1855.2 

(373.06) 

8. . . . 



1.5745 

1.6373 

1.6894 

1.7355 

1.7776 

1.8167 

1.8534 

1.9212 

2.0404 

V. . . . 



2.361 

2.726 

3.060 

3.380 

3.693 

4.002 

4.309 

4.917 

6.123 

200 

h.... 



1210.3 

1268.9 

1322.1 

1373.6 

1424.8 

1476.2 

1528.0 

1633,7 

1855.0 

(381.79) 

8. . . . 



1.5594 

1.6240 

1.6767 

1.7232 

1.7655 

1.8048 

1.8415 

1.9094 

2.0287 

V. . . . 



2.125 

2.465 

2.772 

3.066 

3.352 

3.634 

3.913 

4.467 

5.565 

220 

h.... 



1206.5 

1266.7 

1320.7 

1372.6 

1424.0 

1475.5 

1527.5 

1633.3 

1854.7 

(389.86) 

8. . . . 



1.5453 

1.6117 

1.6652 

1.7120 

1.7545 

1.7939 

1.8308 

1.8987 

2.0181 

V. . . . 



1.9276 

2.247 

2.533 

2.804 

3.068 

3.327 

3.584 

4.093 

5.100 

240 

h.... 



1202.5 

1264.5 

1319.2 

1371.5 

1423.2 

1474.8 

1526.9 

1632.9 

1854.5 

(397.37) 

8. . . . 



1.5319 

1.6003 

1.6546 

1.7017 

1.7444 

1.7839 

1.8209 

1.8889 

2.0084 


V. . . . 




2.063 

2.3.30 

2.582 

2.827 

3.067 

3,305 

3.776 

4.707 

260 

h.... 




1262.3 

1317.7 

1370.4 

1422.3 

1474 2 

1526.3 

1632.5 

1854.2 

(404.42) 

8. . . . 




1.5897 

1.6447 

1.6922 

1.7352 

1.7748 

1.8118 

1.8799 

1.9995 

V. . . . 




1.9047 

2.156 

2.392 

2.621 

2.845 

3.066 

3.504 

4.370 

280 

h.... 




1260.0 

1316,2 

1369.4 

1421.5 

1473.5 

1525.8 

1632.1 

1854.0 

(411.05) 

8. . . . 




1.5796 

1.6354 

1.6834 

1.7265 

1.7662 

1.8033 

1.8716 

1.9912 

V. . . . 




1.7675 

2.005 

2.227 

2.442 

2.652 

2.859 

3.269 

4.078 

300 

h.... 




1257.6 

1314.7 

1368.3 

1420.6 

1472.8 

1525.2 

1631.7 

1853.7 

(417.33) 

«. . . . 




1.5701 

1.6268 

1.6751 

1.7184 

1.7582 

1.7954 

1.8638 

1.9835 

V. . . . 




1.4923 

1.7036 

1.8980 

2.084 

2.266 

2.445 

2.798 

3.493 

350 

h.... 




1251.5 

1310.9 

1365.5 

1418.5 

1471.1 

1523.8 

1630.7 

1853.1 

(431.72) 

8.. . . 




1.5481 

1.6070 

1.6563 

1.7002 

1.7403 

1.7777 

1.8463 

1.9663 
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ELEMENTS OF THERMODYNAMICS 


Table B>4. Steam Tables {Continued) 
Steam Table 3. Superheated Vapor {Continued) 


Abs press., 
psia 

(sat. temp) 

I Temperature, ®F 

600® 

650® 

600® 

620® 

640® 

660® 

680® 

700® 

800® 

1000® 

1600® 


. 

1.2851 

1.3843 

1.4770 

1.5128 

1.5480 

1.5827 

1.6169 

1.6508 

1.8161 

2.134 

3.055 

400 


1245.1 

1277.2 

1306.9 

1318.3 

1329.6 

1340.8 

1351.8 

1362.7 

1416.4 

1522.4 

1852.5 

(444.59) 

9 .. .. 

1.5281 

1.6606 

1.5894 

1.6001 

1.6105 

1.6206 

1.6303 

1.6398 

1.6842 

1.7623 

1.9513 


V. ... 

0.9927 

1.0800 

1.1591 

1.1893 

1.2188 

1.2478 

1.2763 

1.3044 

1.4406 

1.6996 

2.442 

600 

h. , ., 

1231.3 

1266.8 

1298.6 

1310.7 

1322.6 

1334.2 

1346.7 

1367.0 

1412.1 

1519.6 

1851.3 

(467.01) 

9 . . . . 

1.4919 

1.5280 

1.5588 

1,5701 

1.5810 

1.6915 

1.6016 

1.6115 

1.6571 

1.7363 

1.9262 


V. . . . 

0.7947 

0.8763 

0.9463 

0.9729 

0.9988 

1.0241 

1.0489 

1.0732 

1.1899 

1.4096 

2.033 

600 


1216.7 

1265.5 

1289.9 

1302.7 

1315.2 

1327.4 

1339.3 

1351.1 

1407.7 

1516.7 

1850.0 

(486.21) 

9 . . . . 

1.4586 

1.4990 

1.6323 

1.5443 

1.5658 

1.5667 

1.5773 

1.5875 

1.6343 

1.7147 

1.9056 




0.6154 

0.6779 

0.7006 

0.7223 

0.7433 

0.7635 

0.7833 

0.8763 

1.0470 

1.5214 

800 



1229.8 

1270.7 

1285.4 

1299.4 

1312.9 

1325.9 

1338.6 

1398.0 

1511.0 

1847.6 

(518.23) 



1.4467 

1.4863 

1.5000 

1.5129 

1.6250 

1.5366 

1.5476 

1.5972 

1.6801 

1.8729 

V. . , . 


0.4533 

0.5140 

0.5350 

0.5546 

0.5733 

0.5912 

0.6084 

0.6878 

0,8294 

1.2146 

1000 



1198.3 

1248.8 

1265.9 

1281.9 

1297.0 

1311.4 

1325.3 

1389.2 

1605.1 

1845.0 

(644.61) 



1.3961 

1.4450 

1.4610 

1.4757 

1.4893 

1.5021 

1.5141 

1.6670 

1.6525 

1.8474 




0.4016 

0.4222 

0.4410 

0.4586 

0.4752 

0.4909 

0.5617 

0.6843 

1.0101 

1200 




1223.6 

1243.9 

1262.4 

1279.6 

1295.7 

1311.0 

1379.3 

1499.2 

1842.5 

(667.22) 




1.4052 

1.4243 

1.4413 

1.4568 

1.4710 

1.4843 

1.5409 

1.6293 

1.8263 





0.2733 

0.2936 

0.3112 

0.3271 

0.3417 

0.4034 

0.5027 

0.7545 

1600 

h.... 




1187.8 

1215.2 

1238.7 

1259.6 

1278.7 

1358.4 

1487.0 

1837.5 

(604.90) 

9. . . . 




1.3489 

1.3741 

1.3952 

1.4137 

1.4303 

1.4964 

1.5914 

1,7926 

V. . . . 





0.1930 

0.2161 

0.2337 

0.2489 

0.3074 

0.3935 

0.6011 

2000 






1145.6 

1184.9 

1214.8 

1240.0 

1335.5 

1474.5 

1832.5 

(635,82) 

8. . . . 





1.2945 

1.3300 

1.3564 

1.3783 

1.4576 

1.6603 

1.7660 

V. , . . 








0.0984 

0.1760 

0.2476 

0.3966 

3000 

h.... 








1000.7 

1267.2 

1441.8 

1819.9 

(695.36) 

8. , . . 








1.1966 

1.3690 

1.4984 

1.7163 

V. . . . 









0.1583 

0.2288 

0.3703 

3206.2 










1250.5 

1434.7 

1817.2 

(705.40) 

8. . . . 









1.3508 

1.4874 

1.7080 

V . . . . 








0.0287 

0.1052 

0.1743 

0.2943 

4000 

h.... 








703.8 

1174.8 

1406.8 

1807.2 


8. . . . 








0.9347 

1.2757 

1.4482 

1.6795 


V. , . . 








0.0268 

0.0593 

0.1303 

0.2329 

5000 









74<>.4 

1047.1 

1369.5 

1794.5 


8. . . . 








0.9152 

1.1622 

1.4034 

1.6499 


Steam Table 4. Compressed Liquid 


- 1 

Temperature, ®F 

Abs press., 
psi 

(sat. temp) 

Saturated 

liquid 

8/ 

32® 

0.08854 

0.016022 

0 

0 

100° 

0.9492 

0.016132 

67.97 

0.12948 

200° 

11.526 

0.016634 

167.99 

0.29382 

300° 

67.013 

0.017449 

269.59 

0 43694 

200 

(381.79) 

(V - r/)(10‘) 

(h - hf) 

(« ~ «/)(10*) 

-1.1 
+ 0.61 
+ 0.03 

-1.1 
+ 0.64 
-0.05 

-1.1 
+ 0.41 
-0.21 

-1.1 
+ 0.23 
-0.21 

400 

(444.59) 

(v - r/)(10q 
(h - hf) 

{8 - «/)(10*) 

-2.3 
+ 1.21 
+0.04 

-2.1 
+ 1.09 
-0.16 

-2.2 
+ 0.88 
-0.47 

-2.8 
+ 0.61 
-0.56 

600 

(486.21) 

(v - r/)(10‘) 
ih - hf) 

(8 - «/)(10») 

-3.5 
+ 1.80 
+ 0.07 

-3.2 
+ 1.67 
-0.27 

-3.4 
+ 1.31 
-0.74 

-4.3 
+ 0.97 
-0.94 

800 

(618.23) 

(v - v/)(10*) 

(h - hf) 

(s - «/)(10») 

-4.6 
+ 2.39 
+0.10 

-4.0 
+ 2.17 
-0.40 

-4.4 

+ 1.78 
-0.97 

-5.6 
+ 1.35 
-1.27 

1000 

(544.61) 

(i> - r/)(10») 

(.h - hf) 

(« - »/)(10«) 

-6.7 
+ 2.99 
+0.15 

— 5.1 
+ 2.70 
-0.53 

-6.4 
+ 2.21 
-1.20 

1 -6.9 

+ 1.75 
-1.64 
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Table B-6. Properties op Mercury Vapor t 
(h and « are measured from 32°F) 


Pres¬ 

sure 

V 

psia 

Temp 

t 

op 

Specific 

volume 

Vg 

ftVlbm 

Enthalpy, Btu/lb,^ 

Entropy, Btu/Gbm)(°R) 

Satu¬ 

rated 

liquid 

hf 

Vapor¬ 

ization 

^fo 

Satu¬ 

rated 

vapor 

K 

Satu¬ 

rated 

liquid 

«/ 

Vapor¬ 

ization 

8fa 

Satu¬ 

rated 

vapor 

8g 

0.4 

402.3 

114.5 

13.81 

128.1 

141.9 

0.02094 

0.1486 

0.1696 

0.6 

426.1 

78.23 

14.70 

127.6 

142.3 

0.02195 

0.1441 

0.1660 

0.8 

443.8 

59.71 

15.36 

127.2 

142.6 

0.02269 

0.1408 

0.1635 

1.0 

458.1 

48.45 

15.89 

126.9 

142.8 i 

0.02328 

0.1382 

0.1615 

1.5 

485.1 

33.14 

16.90 

126.3 1 

143.2 

0.02436 

0.1337 

0.1580 

2 

505.2 

25.31 

17.65 

125.8 

143.5 

0.02514 

0.1304 

0.1556 

3 

535.4 

17.34 

18.78 

125.2 

144.0 

0,02629 

0.1258 

0.1521 

4 

558.0 

13.26 

19.62 

124.7 

144.3 

0.02714 

0.1225 

0.1497 

5 

576.2 

10.77 

20.30 

124.3 

144.6 

0.02780 

0.1200 

0.1478 

6 

591.4 

9.096 

20.87 

123.9 

144.8 

0.02834 

0.1179 

0.1462 

7 

605.0 

7.882 

21.37 

123.6 

145.0 

0.02882 

0.1161 

0.1450 

8 

616.8 

6.963 

21.81 

123.4 

145.2 

0.02923 

0.1146 

0.1439 

9 

627.5 

6.244 

22.21 

123.2 

145.4 

0.02960 

0.1133 

0.1429 

10 

637.3 

5.661 

22.58 

122.9 

145.5 

0.02993 

0.1121 

0.1420 

15 

676.5 

3.892 

24.04 

122.1 

146.1 

0.03124 

0.1074 

0.1387 

20 

706.2 

2.983 

25.15 

121.4 

146.6 

0.03220 

0.1041 

0.1363 

25 

730.4 

2.429 

26.05 

120.9 

146.9 

0.03297 

0.1016 

0.1345 

30 

750.9 

2.053 

26.81 

120.4 

147.2 

0.03360 

0.09953 

0.1331 

35 

769.0 

1.781 

27.49 

120.0 

147.5 

0.03416 

0.09774 

0.1319 

40 

784.8 

1.576 

28.08 

119.7 

147.8 

0.03464 

0.09621 

0.1308 

45 

799.3 

1.414 

28.62 

119.4 

148.0 

0.03507 

0.09486 

0.1299 

50 

812.5 

1.284 

29.11 

119.1 

148.2 

0.03546 

0.09364 

0.1291 

60 

836.1 

1.086 

29.99 

118.6 

148.6 

0 03614 

0.09154 

0.1276 

70 

856.6 

0.9436 

30.75 

118.1 

148.9 

0.03672 

0.08976 

0.1264 

80 

874.8 

0.8349 

31.43 

117.7 

149.1 

0.03725 

0.08824 

0.1254 

90 

891.6 

0.7497 

32.06 

117.3 

149.4 

0.03771 

0.08687 

0.1245 

100 

906.9 

0.6811 

32.63 

117.0 

149.6 

0.03813 

0.08565 

0.1237 

120 

934.4 

0.5767 

33.60 

116.4 

150.1 

0.03887 

0.08353 

0.1224 

140 

958.3 

0.5012 

34.55 

115.9 

150.4 

0.03951 

0.08175 

0.1212 

160 

979.9 

0.4438 

35.35 

115.4 

150.8 

0.04007 

0.08019 

0.1202 

180 

999.6 

0.3990 

36.09 

115.0 

151.1 

0.04058 

0.07881 

0.1193 


t Reproduced from L. S. Marks (ed.), “Mechanical Engineers' Handbook/' 
6th ed., McGraw-Hill Book Company, Inc., New York, 1958. 
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Table B-6. Gab-constant Values f 


Substance 

Sym¬ 

bol 

M 

R 

ft-lb/ 

Cp 

Btu 

Cv 

Btu 

k 

Cp 

c. 

lb«. °R j 
at 77®F 

Ib^^^R 
at 77®F 

lb« °R 

Acetylene. 

CaH* 

26.038 

59.39 

0.4030 

0.3267 

1.234 

Air. 


28.967 

53.36 

0.2404 

0.1718 

1.399 

Ammonia. 

NH, 

17.032 

90.77 

0.5006 

0.3840 1 

1.304 

Argon. 

A 

39.944 

38.73 

0.1244 

0.0746 

1.668 

Benzene. 

CeHe 

78.114 

19.78 

0.2497 

0.2243 

1.113 

n-Butane. 

C 4 H 10 

58.124 

26.61 

0.4004 

0.3662 

1.093 

Isobutane. 

C 4 H 10 

58.124 

26.59 

0.3979 

0.3637 

1.094 

1-Butene. 

C4H« 

56.108 

27.545 

0.3646 

0.3282 

1.111 

Carbon dioxide. 

CO 2 

44.011 

35.12 

0.2015 

0.1564 

1.288 

Carbon monoxide. 

CO 

28.011 

55.19 

0.2485 

0.1776 

1.399 

Carbon tetrachloride . . . 

CCI 4 

153.839 





n-Deuterium. 

D, 

4.029 





Dodecane. 

C 12 H 26 

170.340 

9.074 

0.3931 

0.3814 

1.031 

Ethane. 

C 2 H. 

30.070 

51.43 

0.4183 

0.3522 

1.188 

Ethyl ether. 

C 4 H 10 O 

74.124 





yEthylene. 

C 2 H 4 

28.054 

55.13 

0.3708 

0.3000 

1.236 

Freon, F-12. 

CCI 2 F 2 

120.925 

12.78 

0.1369 

0.1204 

1.136 

Helium. 

He 

4.003 

386.33 

1.241 

0.7446 

1.667 

n-Heptane. 

C 7 H 1 . 

100.205 

15.42 

0.3956 

0.3758 

1.053 

n-Hexane. 

CeHi4 

80.178 

17.93 

0.3966 

0.3736 

1.062 

Hydrogen. 

H 2 

2.016 

766.53 

3.416 

2.431 

1.405 

Hydrogen sulfide. 

H 2 S 

34.082 





Mercury. 

Hg 

200.610 





yMethane. 

CH 4 

16.043 

96.40 

0.5318 

0.4079 

1.304 

Methyl fluoride. 

CH 3 F 

34.035 





Neon. 

Ne 

20.183 

76.58 

0.2460 

0.1476 

1.667 

Nitric oxide. 

NO 

30.008 

51.49 

0.2377 

0.1715 

1.386 

Nitrogen. 

N 2 

28.016 

55.15 

0.2483 

0.1774 

1.400 

Octane. 

CgHis 

114.232 

13.54 

0.3949 

0.3775 

1.046 

Oxygen. 

O 2 

32.000 

48.29 

0.2191 

0.1570 

1.396 

n-Pentane. 

C 6 H 12 

72.151 

21.42 

0.3980 

0.3705 

1.074 

Isopentane. 

C 6 H 12 

72.151 

21.42 

0.3972 

0.3697 

1.074 

Propane. 

CaHg 

44.097 

35.07 

0.3982 

0.3531 

1.128 

Propylene. 

CgHe 

42.081 

36.72 

0.3627 

0.3055 

1.187 

Sulfur dioxide. 

SO 2 

64.066 

24.12 

0.1483 

0.1173 

1.264 

Water vapor. 

H 2 O 

18.016 

85,80 

0.4452 

0.3349 

1.329 

Xenon. 

Xe 

131.300 

11.78 

0.03781 

0.02269 

1.667 


t Data selected from J. F. Masi, Trans. ASME, 76 : 1067 (October, 1954); Naii. Bur. 
Standards {U.S.) Circ. 500, February, 1952; API Research Project 44, National Bureau 
of Standards, Washington, December, 1952. 
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Table B-7. Critical Constants f 


Substance 

Ref. 

date 

Sym¬ 

bol 

M 

Tc 

Pc 

atm 

Ve 

cmVg 

mole 

Vc 

ftV 

mole 

Zc 

Acetylene. 

1928 

C,H* 

26.038 

309.5 

61.6 

113 


0.274 

Air. 

1917 

28.967 

132.41 

37.25 

93.25 



Ammonia. 

1920 

NHa 

17.032 

405.4 

111.3 

72.5 

1.16 

0.243 

Argon. 

1958 

A 

39.944 

150.87 

48.34 

74.56 

1.19 

0.291 

Benzene. 

1948 

CeHa 

78.114 

562.6 

48.6 

260 

4.17 

0.274 

n-Butane. 

1939 

C 4 H 10 

58.124 

425.17 

37.47 

255 

4.08 

0.274 

Isobutane. 

1910 

C 4 H 10 

58.124 

408.14 

36.00 

263 

4.21 

0.283 

1 -Butene. 

1950 

C 4 H. 

56.108 

419.6 

39.7 

240 

3.84 

0.277 

V-^rbon dioxide. 

1950 

COi 

44.011 

304.20 

72,90 •! 

*94 

1.51 

0.275 

Carbon monoxide. 

1936 

CO 

28.011 

132.91 

■54.52^ 


1.49 

Om 

Carbon tetrachloride.. 

1931 

CC 14 

153.839 

556.4 

45.0 

276 


0.272 

n-Deuterium. 

1951 

Da 

4.029 

38.43 

16.421 




Dodecane. 

1953 


170.340 

659 

17.9 


11.5 

0.237 

Ethane. 

1939 

C,H. 

30.070 

305.43 

48.20 

148 

2.37 

0.285 

Ethyl ether. 

1929 

C 4 H 10 O 

74.124 

467.8 

35.6 

282.9 



Ethylene. 

1939 

CtH4 

28.054 

283.06 

50.50 

124 

1.99 

0.270 

Freon, F-12. 

1957 

CClaFai 

120.925 

385.16 

40.6 

217 

3.47 

0.279 

Helium. 

1936 

He 1 

4.003 

5.19 

2.26 

58 

0.929 

0.308 

n-Heptane. 

1937 

CtHis 

100.205 

540.17 

27.00 

426 

6.82 

0.260 

n-Hexane. 

1946 

CeHu 

86.178! 

507.9 

29.94 

368 

5.89 

0.264 

Hydrogen. 

1951 

Ha 

2.016 

33.24 

12.797 

65 

1.04 

0.304 

Hydrogen sulfide .... 

1948 

HaS 

34.082 

373.7 

88.8 

98 

1.57 

0.284 

Mercury. 

1953 

Hg 

200.610 






Methane. 

1953 

CH 4 

16.043 

190.7 

45.8 

99 

1.59 

0.290 

Methyl fluoride. 

1932 

CH,F 

34.035 

317.71 

58.0 




Neon. 

1936 

Ne 

20.183 

44.39 

26.86 

41.7 

0.668 

0.308 

Nitric oxide. 

1951 

NO 

30.008 

179.2 

65.0 

58 

0.929 

0.256 

Nitrogen. 

1951 

Na 

28.016 

126.2 

33.54 

90 

1.44 

0.291 

Octane. 

1931 

CgHia 

114.232 

569.4 

24.64 

486 

7.77 

0.256 

Oxygen. 

1948 

Oa 

32.000 

154.78 

50.14 

74 

1.19 

0.292 

n-Pentane. 

1899 

CsHn 

72.151 

469.78 

33.31 

311 

4.98 

0.269 

Isopentane. 

1910 

CgHia 

72.151 

461.0 

32.92 

308 

4.93 

0.268 

Propane. 

1940 

CaHg 

44.097 

370.01 

42.1 

200 

3.20 

0.277 

Propylene. 

1953 

C,He 

42.081 

365.1 

45.40 

181 

2.90 

0.274 

Sulfur dioxide. 

1945 

SOa 

04.066 

430.7 

77.8 

122 


0.269 

Water. 

1934 

HaO 

18.016 

647.27 

218.167 

56 

0.897 

0.230 

Xenon. 

1951 

Xe 

131.300 

289.81 

58.0 

118.8 

1.90 

0.290 


t Bibliographies of certain of the data sources are in Ref. 9 of Chap. 10 . 
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Table B-8. Constants for Equations of State 



van der Waalsf 


Beattie-Bridgeman J 


Gas 

a 

b 

Ao 

a 

Ro 

b 

10-«c 

Range 

°R 


atm ft® 

mole* 

ft* 

mole 

atm ft® 

mole* 

ft* 

mole 

ft* 

mole 

ft* 

mole 

ft* '^R* 
mole 

Air. 

343.8 

0.585 

334.1 

0.309 

0.739 

-0.716 

4.05 

230-850 

CO. 

374.7 

0.630 

344.9 

0.419 

0.808 

-0.111 

3.92 


CO 2 . 

924.2 

0.685 

1,284.9 

1.143 

1.678 

1.159 

61.65 

490-670 

CH 4 . 

578.9 

0.684 

584.6 

0.297 

0.895 

-0.254 

11.98 

490-850 

C,H*. 

2,374 

1.446 

305.8 J 

1.173 

2.90 

0.688 

112.12 


C 4 H 10 . 

3,675 

1.944 

456.5 

1.948 

3.944 

1.51 

327.02 


H,. 

i 63.02 

0.427 

50.57 

-0.0811 

0.336 

-0.698 

0.0471 

50-850 

N,. 

346.0 

0.618 

344.92 

0.419 

0.808 

-O.lll 

3.92 


NH,. 

1,076 

0.598 

613.91 

2.729 

0.547 

3.062 

445.6 


0*. 

349.5 

0.510 

382.53 

0.410 

0.741 

0.0674 

4.48 



Beiiedict-Webb-Rubin Equation § 
(Units: atm liters/(g mole)(°K)] 


Gas 

Ao 

B,(10») 

Co(10-«) 

a 

6(10*) 

c(10-*) 

a(10*) 

7 ( 10 *) 

N,. 

1.19250 

4.580 

0.005889 

0.0149 

0.1982 

0.000548 

0.2915 

0.7500 

CH 4 . 

1.855 

4.260 

0.0226 

0.0494 

0.338 

0.00254 

0.124 

0.600 

C 2 H 6 . 

4.156 

6.277 

0.1796 

0.345 

1.112 

0.0328 

0.242 

1.180 

C.H,. 

6.872 

9.731 

0.5083 

0.948 

2.25 

0.129 

0.607 

2.200 

C 4 H 10 . 

10.08 

12.44 

0.9928 

1.882 

4.00 

0.3164 

1.101 

3.400 


Values for the Gas Constant Rq 


ft-lb/ 


= 0.73023 
J^o = 1.98588 


mole 

J °R 

psia 

ft* 

mole 

°R 

atm 

ft* 

mole 

°R 

IT Btu 


mole °R 


Ro = 1.98588 
Ro = 0.0820544 
7^0 = 82.0544 
7^0 = 82.0567 


IT cal 
g mole °K 
atm liter 
g mole °K 
atm ml 


g mole °K 
atm cm 3 
g mole ®K 


t Evaluated from critical data in the manner of Art. 10-2. 

j J. A. Beattie and O. C. Bridgeman, Proc. Am. Acad. Arts Sci., 63 : 229-308 (1928); 
J. ACS, 60: 3133 (1928). 

§ Values mainly from Chap. 10, Refs. 4 and 7. 


atm ft® 
mole* 


0.003898 


atm liters* 
g mole* 


ft* 

mole 


0.06242 


liter 
g mole 
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Table B-9. Dry Am at Low PREssuREsf 
(Btu and Ibm units) 


T 

e 

h 

Pr 

u 

Vr 


100 

-359.7 

23.74 

0.003841 

16.88 

9,643 

0.19174 

200 

-259.7 

47.67 

0.04320 

33.96 

1,714.9 

0.36303 

300 

-159.7 

71.61 

0.17796 

51.04 

624.5 

0.46007 

330 

-129.7 

78.78 

0.24819 

66.16 

492.6 

0.48287 

400 

-69.7 

95.53 

0.4858 

68.11 

305.0 

0.52890 

468 

8.3 

111.82 

0.8405 

79.73 

206.26 

0.55648 

600 

40.3 

119.48 

1.0590 

86.20 

174.90 

0.58233 

520 

60.3 

124.27 

1.2147 

88.62 

158.58 

0.59173 

528 

68.3 

126.18 

1.2813 

89.99 

162.65 

0.59539 

537 

77.3 

128.34 

1.3593 

91.63 

146.34 

0.59945 

560 

100.3 

133.86 

1.5742 

95.47 

131.78 

0.60950 

600 

140.3 

143.47 

2.006 j 

102.34 

110.88 

0.62607 

700 

240.3 

167.56 j 

3.446 i 

119.58 

75.26 

0.66321 

800 

340.3 

191.81 ! 

5.526 i 

136.97 

63.63 

0.69558 

900 

440.3 

216.26 

8.411 

154.67 

39.64 

0.72438 

996 

536.3 

239.99 

12.121 

171.71 

30.44 

0.74942 

1000 

540.3 

240.98 

12.298 

172.43 

30.12 

0.75042 

1050 

590.3 

253.45 

14.686 

181.47 

26.48 

0.76259 

1100 

640.3 

266.99 

17.413 

190.58 

23.40 

0.77426 

1200 

740.3 

291.30 

24.01 

209.05 

18.514 

0.79628 

1300 

840.3 

316.94 

32.39 

227.83 

14.868 

0.81680 

1400 

940.3 

342.90 

42.88 

246.93 

12.095 

0.83604 

1500 

1040.3 

369.17 

55.86 

266.34 

9.948 

0.85416 

1510 

1050.3 

371.82 

57.30 

268.30 

9.761 

0.85592 

1600 

1140.3 

395.74 

71.73 

286.06 

8.263 

0.87130 

1700 

1240.3 

422.59 

90.95 

306.06 

6.924 

0.88768 

1800 

1340.3 

449.71 

114.03 

326.32 

5.847 

0.90308 

1900 

1440.3 

477.09 

141.51 

346.85 

4.974 

0.91788 

2000 

1540.3 

504.71 

174.00 

367.61 

4.258 

0.93206 

2100 

1640.3 

532.55 

212.1 

388.60 

3.667 

0.94564 

2200 

1740.3 

560.59 

256.6 

409.78 

3.176 

0.95868 

2300 

1840.3 

588.82 

308.1 

431.16 

2.765 

0.97123 

2400 

1940.3 

617.22 

367.6 

452.70 

2.419 

0.98331 

2500 

2040.3 

645.78 

435.7 

474.40 

2.125 

0.99497 

2600 

2140.3 

674.49 

513.5 

496.26 

1.8756 

1.00623 

2700 

2240.3 

703.35 

601.9 

518.26 

1.6617 

1.01712 

2800 

2340.3 

732.33 

702.0 

640.40 

1.4776 

1.02767 

2900 

2440.3 

761.45 

814.8 

662.66 

1.3184 

1.03788 

3000 

' 2.540.3 

790.68 

941.4 

585.04 

1.1803 

1.04779 

3260 

2790.3 

864.24 

1,327.5 

.641.46 

0.9069 

1.07134 

3450 

2990.3 

923.52 

1,718.7 

687.04 

0.7436 

1.08904 

3500 

3040.3 

938.40 

1,829.3 

698.48 

0.7087 

1.09332 

3750 

3290.3 

1,030.09 

2,471.1 

766.04 

0.6621 

1.11393 

4000 

3540.3 

1,088.26 

3,280 

814.06 

0.4518 

1.13334 

4250 

3790.3 

1.163.87 

4,285 

872.53 

0.3674 

1.15168 

4500 

4040.3 

1,239.86 

5,521 

931.39 

0.3019 

1.16905 

4760 

4290.3 

1,316.21 

7,026 

990.60 

0.2505 

1.18556 

5000 

4540.3 

1,392.87 

8,837 

1,050.12 

0.20959 

1.20129 

5250 

4790.3 

1,469.83 

11,002 

1,109.95 

0.17677 

1.21631 

5500 

5040.3 

1,547.07 

13,568 

1,170.04 

0.15016 

1.28068 

5750 

5290.3 

1,624.57 

16,588 

1,230.41 

0.12840 

1.24445 

6000 

6640.3 

1,702.29 

20,120 

1,291.00 

0.11047 

1.25769 

6250 

5790.3 

1,780.27 

24,228 

1,351.83 

0.09556 

1.27042 

6500 

6040.3 

1,858.44 

28,974 

1,412.87 

0.08310 

1.28268 


t Abstrsoted, by permission, from J. Keenam and J. ELaye, “Thermodynamic Properties of Air,*' 
John Wiley A Sons, Ino., Now York, 1948. 
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Table B-10. Intbbnal Energy op Ideal Gases! 
(Btu/mole; datum, 520®R) 


®R 

Oi 

Nt 

Air 

O 

O 

H,0 

H, 

CO 

CsHi. 

CiiHse 

jw/778.16 

520 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1,033 

636.7 

83 

81 

81 

115 

101 

80 

81 

640 

980 

1,066 

540 

100 

97 

97 

139 

122 

96 

97 

756 

1,181 

1,072 

660 

200 

196 

196 

280 

244 

193 

196 

1,536 

2.491 

1,112 

580 

301 

295 

295 

424 

357 

291 

295 

2.340 

3,931 

1,152 

600 

402 

395 

395 

570 

490 

390 

396 

3,167 

5,481 

1,192 

700 

920 

896 

897 

1,320 

1,110 

887 

896 

7,668 

13,223 

1,390 

800 

1,449 

1,399 

1,403 

2,120 

1,734 

1,386 

1,402 

12,768 

22,044 

1,589 

900 

1,989 

1,905 

1,915 

2,965 

2.366 

1,886 

1,913 

18,471 

31,771 

1,787 

1000 

2,539 

2,416 

2.431 

3.852 

3,000 

2,387 

2.430 

24,773 

42,277 

1,986 

1100 

3,101 

2,934 

2,957 

4,778 

3,666 

2,889 

2,954 

31,677 

53,468 

2,185 

1200 

3,675 

3,461 

3,492 

5,736 

4,339 

3,393 

3.485 

39.182 

65.290 

2,383 

1300 

4,262 

3,996 

4,036 

6.721 

5.030 

3,899 

4,026 

47,288 

77,706 

2,582 

1400 

4,861 

4,539 

4,587 

7,731 

5,740 

4,406 

4,580 

55.995 

90.688 

2,780 

1500 

5,472 

5,091 

5,149 

8,764 

6.468 

4,916 

5,145 

65,303 

104,209 

2.979 

1600 

6,092 

5,652 

5,720 

9,819 

7.212 

5,429 

5,720 

74,825 

118,240 

3,178 

1700 

6,718 

6,224 

6,301 

10,896 

7,970 

5,945 

6,305 

84,901 

132,757 

3,376 

1800 

7,349 

6,805 

6,889 

11,993 

8,741 

6,464 

6,899 

95,503 

147,735 

3,575 

1900 

7,985 

7,393 

7,485 

13,105 

9.526 

6,988 

7,501 



3,773 

2000 

8,629 

7,989 

8,087 

14,230 

10,327 

7,517 

8,109 



3.972 

2100 

9,279 

8,592 

8.698 

15,368 

11,146 

8,053 

8.722 



4,171 

2200 

9,934 

9,203 

9,314 

16,518 

11,983 

8,597 

9.339 



4,369 

2300 

10,592 

9,817 

9,934 

17,680 

12,835 

9,147 

9.961 



4,568 

2400 

11,252 

10,435 

10,558 

18,852 

13,700 

9,703 

10,588 



4.766 

2500 

11,916 

11,056 

11,185 

20.033 

14,578 

10,263 

11,220 



4.965 

2600 

12,584 

11,682 

11,817 

21,222 

15,469 

10,827 

11,857 



5,164 

2700 

13,257 

12,313 

12,453 

22,419 

16,372 

11,396 

12,499 

■ 


5,362 

2800 

13,937 

12,949 

13,095 

23,624 

17,288 

11,970 

13,144 

. 


5,561 

2900 

14,622 

13,590 

13,742 

24,836 

18,217 

12,549 

13,792 



5,759 

3000 

15,309 

14,236 

14,394 

26,055 

19,160 

13,133 

14,443 



5,958 

3100 

16,001 

14,888 

15,051 

27,281 

20,117 

13,723 

15,097 



6.157 

3200 

16,693 

15,543 

15,710 

28.513 

21,086 

14,319 

15,754 



6,355 

3300 

17,386 

16,199 

16,369 

29,750 

22,066 

14,921 

16,414 



6,554 

3400 

18,080 

16,855 

17,030 

30,991 

23,057 

15,529 

17,078 


■ 

6,752 

3500 

18,776 

17,512 

17,692 

32.237 

24,057 

16,143 

17,744 



6,951 

3600 

19,475 

18,171 

18,356 

33.487 

25,067 

16,762 

18,412 



7,150 

3700 

20,179 

18,833 

19,022 

34,741 

26,085 

17,385 

[ 19,082 



7,348 

3800 

20,887 

19.496 

19,691 

35,998 

27,110 

18,011 

1 19,755 



7,547 

3900 

21,598 

20,162 

20,363 

37,258 

28,141 

1 18,641 

20,430 


. 

7,745 

4000 

22,314 

20,830 

21,037 

38,522 

29,178 

19,274 

21,107 



7,944 

4100 

23,034 

21,500 

21,714 

39,791 

30,221 

19,911 

21,784 



8,143 

4200 

23,757 

22,172 

22,393 

41,064 

31,270 

20,552 

22,462 



8,341 

4300 

24,482 

22,845 

23,073 

42,341 

32,326 

21,197 

23,143 



8,540 

4400 

25,209 

23,519 

23.755 

43,622 

33.389 

21,845 

23.823 



8,738 

4500 

25,938 

24,194 

24,437 

44.906 

34,459 

22,497 

24,503 



8,937 

4600 

26,668 

24,869 

25,120 

46.193 

35,535 

23,154 

25,186 



9,136 

4700 

27,401 

25,546 

25,805 

47,483 

36,616 

23,816 

25,868 



9,334 

4800 

28,136 

26,224 

26,491 

48,775 

37,701 

24.480 

26,533 



9,533 

4900 

28,874 

26,905 

27.180 

50,069 

38,791 

25,418 

27,219 



9,731 

5000 

29,616 

27,589 

27,872 

51,365 

39,885 

25,819 

27,907 



9,930 

5100 

30,361 

28,275 

28,566 

52,663 

40,983 

26,492 

28,597 



10,129 

5200 

31,108 

28.961 

29,262 

53.963 

42,084 

27.166 

29,288 



10,327 

5300 

31,857 

29,648 

29.958 

55,265 

43,187 

27,842 

29,980 



10,526 

5400 

32,607 

30,337 

30,655 

56,569 

44,293 

28,519 

30,674 



10,724 

5500 

33,386 

31,026 

31,353 

57,875 

45,402 

29,298 

31,369 



10,923 

5600 

34,161 

31,726 

32,051 

59,183 

46,513 

29,978 

32,065 



11,121 

5700 

34,900 

32,428 

32,750 

60,491 

47,627 

30,659 

32,762 



11,320 

6800 

35,673 

33,130 

33,449 

61,891 

48,744 

31,342 

33,461 



11,519 

5900 

36,412 

33,833 

34,150 

63,293 

49.863 

32,026 

34,161 



11,717 

6000 

37,149 

34,537 

34,852 

64,297 

50,985 

32,712 

34,863 



11,916 

6500 



38,364 







12,908 

7000 



41,893 







13,901 












t From L. C. Lichty, "Internal Combustion Engines," McGraw-Hill Book Company, Inc., New York, 
1930, and based upon data of A. Hershey, J. Eberhardt, and H. Hottel, Trann. SAE, 89 : 409 (October, 
1936). 
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Table B-11. Heat of Combustion f 
at 77®F) 


Substance 

Symbol 

h {hfa) of 
vaporiza¬ 
tion, 
Btu/lb« 

HjOd) and 
CO,(ff) 

H 20 (^) and 

COM 

kcal 

Btu 

kcal 

Btu 

g mole 

lb„ 

g mole 

lb« 

Acetylene. 



310.62 

21,460 

300.10 

20,734 

Benzene. 

C.H.((7) 

186 

789.08 

18,172 

757.52 

17,446 

n-Butane. 

C.H.,(i7) 

156 

687.65 

21,283 

635.05 

19,655 

Isobutane. 

C4H,o(g) 

141 

685.65 

21,221 

633.05 

19,593 

1-Butene. 

C.H,„(i,) 

156 

649.45 

20,824 

607.37 

19,475 

Carbon. 

C(graphite) 


94.0518 

14,086 



Carbon monoxide. . 

CO(ff) 


67.6361 

4,343.6 



n-Decane. 

CioHj2(^) 

155 

1632.34 

20,638 

1516.63 

19,175 

n-Dodecane. 

C,2H2«(g) 

155 

1947.23 

20,564 

1810.48 

19,120 

Ethane. 



372.82 

22,304 

341.26 

20,416 

Ethylene. 

C2H4(^) 


337.23 

21,625 

316.20 

20,276 

n-Heptane. 

CtHi.Cst) 

157 

1160.01 

20,825 

1075.85 

19,314 

n-Hexane. 

CeHi4((7) 

157 

1002.57 

20,928 

928.93 

19,391 

Hydrogen. 

^g) 


68.3174 

60,957 

57.7979 

51,571 

Methane. 

cn,{g) 


212.80 

23,861 

191.76 

21,502 

n-Nonane. 

CjHjoCy) 

156 

1474.90 

20,687 

1369.70 

19,211 

n-Octane. 

C8Hi8({7) 

156 

1317.45 

20,747 I 

1222.77 

19,256 

n-Pentane. 

CfiHi2(g) 

157 

845.16 

21,072 

782.04 

19,499 

Isopentane. 


147 

843.24 

21,025 1 

780.12 

19,451 

Propane. 

CzH,(g) 

147 

530.6 

21,646 

488.53 

19,929 

Propylene. 

C3He((7) ! 


491.99 

21,032 

460.43 

19,683 


t Data from API Research Project 44, National Bureau of Standards, Washington, 
December, 1952. 
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ELEMENTS OF THERMODYNAMICS 


Table B-12. Thermal Conductivitt of Various SuBSTANCEsf 


Substance 

t 

ojr 

k 

Btu 

hr ft °F 

Pure metals and alloys 1 



Silver. 

-451 

9840 


-370 

445 


-260 

289 


-148 

242 


32 

241 


392 

238 

Copper. 

-451 

1445 


-370 

724 


-260 

283 


-148 

235 


32 

224 


572 

212 


1112 

204 

Aluminum. 

-451 

2110 


-370 

578 


-260 

156 


32 

132 


572 

132 


752 

131 

Zinc. 

32 

65 


392 

62 


752 

54 

Brass (70% copper, 30% zinc). 

32 

56 


392 

63 


752 

67 

Nickel (pure, 99.9%),. 

-148 

60 


32 

54 


392 

42 


752 

34 

Nickel (impure, 99.2%). 

32 

40 


392 

34 


752 

30 

Cast iron. 

32 

32 


392 

28 


752 

25 

Steel (mild, 1 % carbon). . 

212 

26 


572 

25 


1112 

21 

18-8 stainless steel. 

-451 

0.2 


-370 

3.6 


-260 

6.0 


32 

9.4 


752 

11 


1472 

16 


1832 

18 

I 
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Tabls B-12. Thermal Conductivitt of Various SuBSTANCEsf (Continued) 


Substance 

t 

op 

k 

Btu 

hrft 

Uranium (cast). 

200 

15 


600 

18 

Constantan (60% copper, 40% nickel).... 

-451 

0.7 


-370 

9.8 


-260 

12 


-148 

12 


68 

13.1 


392 

15 

Insulating materials: 



CJorrugated asbestos paper (four plies per inch). 

100 

0.050 


300 

0.069 

85% magnesia, 15% asbestos (apparent density 13 Ibm/ 

100 

0.034 

ft*) 

200 

0.036 


400 

0.040 

Glass wool (apparent density 4 Ibm/ft*). 

20 

0.0179 


100 

0.0239 


200 

0.0317 

Diatomaceous earth, powdered (apparent density 10 

100 

0.024 

lb../ft») 

300 

0.034 


600 

0.048 

Same but apparent density 18 Ibm/ft*. 

100 

0.039 


300 

0.044 


600 

0.054 


1000 

0.068 

Miscellaneous solids: 



Water (ice). 

32 

1.3 

Window glass. 

0.3-0.61 

Building brick. 

68 

0.4 

Wallboard (density, 14.8 Ibm/ft*). 

70 

0.028 

Wallboard (density, 43 Ibm/ft*). 

Wood (density, 40 Ibm/ft*). 


0.04 
0.1-0.2 

Concrete (1:4 sand, dry). ... 


0.44 

Cork, ground. 

86 

0.025 

Paper. . . . . . . 

0.075 

Marble. 

68 

1.6 

Magnesite brick (apparent density 158 Ibm/ft*). 

399 

2.2 


1202 

1.6 


2192 

1.1 

Chrome brick (apparent density 200 Ibm/ft*). 

392 

0.67 


1202 

0.85 


2399 

1.0 

Liquids: 



Ethylene glycol. 

32 

0.140 


140 

0.150 


212 

0.152 
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ELEMENTS OF THERMODYNAMICS 


Table B-12. Thermal Conductivity of Various SuBSTANCEsf {Continued) 


Substance 

t 

°¥ 

k 

Btu 

hr ft °F 

Freon-12. 

-58 

0.039 


-4 

0.041 


86 

0.041 

Water (saturated liquid). 

32 

0.343 


300 

0.395 


620 

0.275 

Sodium (melting point, 208°F). 

200 

49.8 


700 

41.8 


1300 

34.5 

Mercury (melting point, — 38°F). 

50 

4.7 


300 

6.7 

Gases: 

600 

8.1 

Oxygen (atmospheric pressure). 

00 

1 

0.0047 


1 80 

0.0155 


1 296 

0.0209 


620 

0.0280 

Nitrogen (atmospheric pressure). 

-280 

0.0055 


80 

0.0151 


296 

0.0201 


800 

0.0296 

Water (saturated vapor). 

212 

0.014 


572 

0.0246 


932 

0.0434 

Hydrogen (atmospheric pressure). 

-370 

0.0209 


80 

0.1050 


620 

0.1819 


t Data for temperatures above — 2()0°F from various sources. Data below — 200°F 
from R. L. Powell and W. A. Blanpied, Thermal Conductivity of Metals and Alloys at 
Low Temperatures, Natl. Bur. Standards Circ. 556. 

X At temperatures of a few degrees above absolute zero, very large values of k are 
found for pure metals (but not for alloys—note stainless steel and constantan). Pure 
metals exhibit maximum values of thermal conductivity in a range of temperatures 
from 5 to 40°R, and then k seems to decrease toward zero as the temperature approaches 
absolute zero. For pure metals at low temperatures, it is found that the value of k is 
quite dependent upon the past history of the metal. For example, the following k 
values are cited by Powell and Blanpied for silver at — 451°P": unannealed, k = 31.8; 
annealed at 650°F, k =* 9,840; cold drawn, k =231; cold drawn and then annealed, 
k = 5,040. 
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Table B-13. Heat op Formation, Absolute Entropy, and Free 
Energy of Formation at 25®C (77®F) and 1 ATMf 


Substance 

Sym¬ 

bol 

State 

hr 

kcal 

cal 

kcal 

g mole 

g mole °K 

g mole 

Acetylene. 

C.Hi 

Gas 

54.194 

47.997 

50.000 

Ammonia. 

NHa 

Gas 

-11.04 

46.01 

-3.976 

Argon. 

A 

Gas 

0 

36.983 

0 

Benzene . 

CeHft 

Gas 

19.820 

64.34 

30 989 

n-Butane. 

C.H.o 

Gas 

-30.15 

74.12 

-4.10 

1 -Butene. 

C 4 H 8 j 

Gas 

-0.03 

73.04 

17.09 

Carbon. 

c 1 

Graphite ^ 

0 

1.3609 

0 



Gas 

171.698 

37.7611 

160.845 

Carbon dioxide. 

C 02 

Gas 

-94.0518 

51,061 

-94.2598 

Carbon monoxide. 

CO 

Gas 

-26.4157 

47.300 

-32.8077 

Carbon tetrachloride. 

CC 14 

Gas 

-25.5 

73.95 

-15.3 

n-Dodecane. 

CijHj* 

Gas 

-69.52 

148.79 

11.98 

Ethane. 

C 2 H 8 

Gas 

-20.236 

54.85 

-7.860 

Ethylene. 

C 2 H 4 

Gas 

12.496 

52.45 

16.282 

Helium. 

He 

Gas 

0 

30.126 

0 

n-Heptane. 

C 7 H 16 

Gas 

-44.89 

102.24 

1.94 

n-Hexane. 

CeHu 

Gas 

-39.96 

92.83 

-0.07 

Hydrogen. 

H2 

Gas 

0 

31.211 

0 

Hydrogen sulfide. 

HjS 

Gas 

-4.815 

49.15 

-7.892 

Krypton. 

Kr 

Gas 

0 

39.19 

0 

Mercury. 

Hg 

Gas 

14.54 

41.80 

7.59 

Methane. 

CH4 

Gas 

-17.889 

44.50 

-12.140 

Neon. 

Ne 

Gas 

0 

34.948 

0 

Nitric oxide. 

NO 

Gas 

21.600 

50.339 

20.719 

Nitrogen. 

N2 

Gas 

0 

45.767 

0 

n-Octane. 

CsHis 

Gas 

-49.82 

111.55 

3.95 



Liquid 

-59.74 

86.23 

1.58 

Oxygen. 

O2 

Gas 

0 

49.003 

0 

n-Pentane. 

CsH|2 

Gas 

-35.00 

83.40 

-2.00 

Propane. 

C,H8 

Gas 

-24.820 

64.51 

-5.614 

Sulfur dioxide. 

S02 

Gas 

-70.96 

59.40 

-71.79 

Water. 

H20 

Gas 

-57.7979 

45.106 

-54.6351 



Liquid 

-68.3174 

16.716 

-56.6899 

Xenon. 

Xe 

Gas 

0 

40.53 

0 


t Data from Natl. Bur. Standards {U.S.) Circ. 500, February, 1952, and from API 
Research Project 44, National Bureau of Standards, Washington, December, 1952. 





































514 


ELEMENTS OF THERMODYNAMICS 


Table B-14. Properties op Dichlorodifluorombthanb, F-12t 


Specific enthalpy and entropy taken from *- 40°F 


Sat. 

temp, 

o-p 

Aba 

preaa., 

paia 

Volume, 

ftVlbm 


Specific 
enthalpy, A 

Entropy, a 

26®F 

auperheat 

50®F 

auperheat 

Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 

B 

■ 

B 

a 

-40 

0.32 

0.0106 

3.011 

0.0 

73.6 

0.0 

0.17517 

76.85 

0.18277 

80.25 

>0.10020 

-30 

12.02 

0.0107 

3.088 

2.03 

74.7 

0.00471 

0.17387 

78.05 

0.18147 

81.45 

0.18800 

-20 

16.28 

0.0108 

2.474 

4.07 

76.87 

0.00040 

0.17276 

70.22 

0.18035 

82.62 

0.18778 

-10 

10.2 

0.0100 

2.003 

6.14 

77.05 

0.01403 

0.17175 

80.48 

0.17018 

84.01 

0.18639 

0 

23.87 

0.0110 

1.637 

8.25 

78.21 

0.01860 

0.17001 

81.71 

0.17820 

85.26 

0.18547 

2 

24.80 

0.0110 

1.574 

8.67 

78.44 

0.01061 

0.17075 

81.04 

0.17812 

85.51 

0.18620 

4 

25.06 

0.0111 

1.514 

0.10 

78.67 

0.02062 

0.17060 

82.17 

0.17705 

85.76 

0.18511 

6 

26.61 

0.0111 

1.485 

0.32 

78.70 

0.02007 

0.17052 

82.20 

0.17786 

85.80 

0.18502 

6 

27.05 

0.0111 

1.467 

0.53 

78.00 

0.02143 

0.17046 

82.41 

0.17778 

86.01 

0.18404 

8 

28.18 

0.0111 

1.403 

0.06 

70.13 

0.02236 

0.17030 

82.66 

0.17763 

86.26 

0.18477 

10 

20.36 

0.0112 

1.351 

10.30 

70.36 

0.02328 

0.17015 

82.00 

0.17747 

86.51 

0.18460 

12 

30.56 

0.0112 

1.301 

10.82 

70.50 

0.02410 

0.17001 

83.14 

0.17733 

86.76 

0.18444 

14 

31.80 

0.0112 

1.253 

11.26 

70.82 

0.02510 

0.16987 

83.38 

0.17720 

87.01 

0.18420 

16 

33.08 

0.0112 

1.207 

11.70 

80.05 

0.02601 

0.16074 

83.61 

0.17706 

87.26 

0.18413 

18 

34.40 

0.0113 

1.163 

12.12 

80.27 

0.02602 

0.16061 

83.85 

0.17603 

87.51 

0.18307 

20 

35.75 

0.0113 

1.121 

12.65 

80.40 

0.02783 

0.16040 

84.00 

0.17670 

87.. 76 

0.18382 

22 

37.15 

0.0113 

1.081 

13.00 

80.72 

0.02873 

0.16038 

84.32 

0.17666 

88.00 

0.18360 

24 

38.58 

0.0113 

1.043 

13.44 

80.06 

0.02063 

0.16026 

84.56 

0.17662 

88.24 

0.18355 

26 

40.07 

0.0114 

1.007 

13.88 

81.17 

0.03053 

0.16013 

84.79 

0.17630 

88.49 

0.18342 

28 

41.50 

0.0114 

0.973 

14.32 

81.30 

0.03143 

0.16000 

85.02 

0.17625 

88.73 

0.18328 

30 

43.16 

0.0115 

0.030 

14.76 

81.61 

0.03233 

0.16887 

85.25 

0.17612 

88.07 

0.18315 

32 

44.77 

0.0115 

0.008 

15.21 

81.83 

0.03323 

0.16876 

85.48 

0.17600 

89.21 

0.18303 

34 

46.42 

0.0115 

0.877 

15.65 

82.06 

0.03413 

0.16866 

85.71 

0.17580 

80.45 

0.18201 

36 

48.13 

0.0116 

0.848 

16.10 

82.27 

0.03502 

0.16854 

85.05 

0.17577 

80.68 

0.18280 

38 

49.88 

0.0116 

0.810 

16.65 

82.49 

0.03501 

0.16843 

86.18 

0.17566 

80.02 

0.18268 

30 

50.78 

0.0116 

0.806 

16.77 

82.60 

0.03636 

0.16838 

86.20 

0.17560 

90.04 

0.18262 

40 

51.68 

0.0116 

0.792 

17.00 

82.71 

0.03680 

0.16833 

86.41 

0.17654 

90.16 

0.18256 

41 

52.70 

0.0116 

0.770 

17.23 

82.82 

0.03725 

0.16828 

86.52 

0.17649 

00.28 

0.18251 

42 

63.51 

0.0116 

0.767 

17.46 

82.93 

0.03770 

0.16823 

86.64 

0.17644 

00.40 

0.18245 

44 

65.40 

0.0117 

0.742 

17.91 

83.15 

0.03850 

0.16813 

86.86 

0.17634 

00.65 

0.18235 

46 

67.35 

0.0117 

0.718 

18.36 

83.36 

0.03048 

0.16803 

87.09 

0.17525 

00.80 

0.18224 

48 

60.35 

0.0117 

0.605 

18.82 

83.57 

0.04037 

0.16794 

87.31 

0.17615 

01.14 

0.18214 

50 

61.39 

0.0118 

0.673 

19.27 

83.78 

0.04126 

0.16785 

87.54 

0.17505 

01..38 

0.18203 

62 

63.40 

0.0118 

0.662 

19.72 

83.90 

0.04215 

0.16776 

87.76 

0.17406 

01.61 

0.18103 

64 

65.63 

0.0118 

0.632 

20.18 

84.20 

0.04304 

0.16767 

87.08 

0.17486 

01.83 

0.18184 

66 

67.84 

0.0110 

0.612 

20.64 

84.41 

0.04392 

0.16758 

88.20 

0.17477 

02.06 

0.18174 

68 

70.10 

0.0110 

0.603 

21.11 

84.62 

0.044801 

D.16749 

88.42 I 

0.17467 

02.28 

0.18165 

60 

72.41 

0.0110 

0.575 

21.57 

84.82 1 

0.045681 

0.16741 

88.64 1 

0.17458 

02.61 

0.18155 

62 

74.77 

0.0120 

0.667 

22.03 

85.02 ( 

0.04667 1 

0.16733 

88.86 1 

0.17450 

92.741 

0.18147 
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Table B-14. Pbopertibs or Dichlorodifluoboicbthane, F-12t (Continued) 


Specific enthalpy and entropy taken from — 40”F 


Sat. 

temp 

op 

Abs 

press., 

psia 

Volume, 

ft</lbm 


Specific 
enthalpy, h 

Entropy, s 

1 

26*F 

superheat 

60*F 

superheat 

Liquid 

Vapor 



Liquid 

! 

Vapor 

D 

■ 

h 

s 

64 

77.20 

0.0120 

0.540 

22.49 

86.22 

0.0474 

0.16725 

89.07 

0.17442 

92.97 

0.18139 

66 

79.67 

0.0120 

0.624 

22.95 

85.42 

0.04833 

0.16717 

89.29 

0.17433 

93.20 

0.18130 

68 

82.24 

0.0121 

0.608 

23.42 

86.62 

0.04921 

0.16709 

89.50 

0.17425 

93.43 

0.18122 

70 

84.82 

0.0121 

0.493 

23.90 

86.82 

0.05009 

0.16701 

89.72 

0.17417 

93.66 

0.18114 

72 

87.60 

0.0121 

0.479 

24.37 

86.02 

0.06097 

0.16693 

89.93 

0.17409 

93.99 

0.18106 

74 

90.20 

0.0122 

0.464 

24.84 

86.22 

0.05185 

0.16686 

90.14 

0.17402 

94.12 

0.18098 

76 

93.00 

0.0122 

0.451 

25.32 

86.42 

0.05272 

0.16677 

90.36 

0.17394 

94.34 

0.18091 

78 

05.85 

0.0123 

0.438 

25.80 

86.61 

0.05359 

0.16669 

90.57 

0.17387 

94.57 

0.18083 

80 

98.76 

0.0123 

0.425 

26.28 

86.80 

0.06446 

0.16662 

90.78 

0.17379 

94.80 

0.18075 

82 

101.70 

0.0123 

0.413 

26.76 

86.99 

0.05534 

0.16666 

90.98 

0.17372 

95.01 

0.18068 

84 

104.8 

0.0124 

0.401 

27.24 

87.18 

0.05621 

0.16648 

1 

91.18 

0.17365 

95.22 

0.18061 

86 

107.9 

0.0124 

0.389 

27.72 

87.37 

0.05708 

0.16640 

91.37 

0.17358 

95.44 

0.18054 

88 

111.1 

0.0124 

0.378 

28.21 

87.66 

0.06796 

0.16632 

91.57 

0.17351 

95.65 

0.18047 

90 

114.3 

0.0125 

0.368 

28.70 

87.74 

0.05882' 

0.16624 

91.77 

0.17344 

95.86 

0.18040 

92 

117.7 

0.0125 

0.357 

29.19 

87.92 

0.05969 

0.16616 

91.97 

0.17337 

96.07 

0.18033 

94 

121.0 

0.0126 

0.347 

29.68 

88.10 

0.06056 

0.16608 

92.16 

0.17330 

96.28 

0.18026 

96 

124.5 

0.0126 

0.338 

30.18 

88.28 

0.06143 

0.16600 

92.36 

0.17322 

96.50 

0.18018 

98 

128.0 

0.0126 

0.328 

30 67 j 

88.45 

0.06230 

0.16592 

92.55 

0.17316 

96.71 

0.18011 

100 

131.6 

0.0127 

0.319 

31.16 

88.62 

0.06316 

0.16584 

92.76 

0.17308 

96.92 

0.18004 

102 

135.3 

0.0127 

0.310 

31.65 

88.79 

0.06403 

0.16576 

92.93 

0.17301 

97.12 

0.17998 

104 

139.0 

0.0128 

0.302 

32.15 

88.95 

0.06490 

0.16568 

93.11 

0.17294 

97.32 

0.17993 

106 

142.8 

0.0128 

0.293 

32.65 

89.11 

0.06577 

0.16660 

93.30 

0.17288 

97.53 

0.17987 

108 

146.8 

0.0129 

0.285 

33.15 

89.27 

0.06663 

0.16551 

93.48 

0.17281 

97.73 

0.17982 

no 

150.7 

0.0129 

0.277 

33.65 

89.43 

0.06749 

0.16542 

93.66 

0.17274 

97.93 

0.17976 

112 

154.8 

0.0130 

0.269 

34.15 

89.58 

0.06836 

0.16533 

93.82 

0.17266 

98.11 

0.17969 

114 

158.9 

0.0130 

0.262 

34.65 

89.73 

0.06922 

0.16524 

93.98 

0.17258 

98.29 

0.17961 

116 

163.1 

0.0131 

0.254 

35.15 

89.87 

0.07008 

0.16615 

94.15 

0.17249 

98.48 

0.17964 

118 

167.4 

0.0131 

0.247 

36.65 

90.01 

0.07094 

0.16505 

94.31 

0.17241 

98.66 

0.17946 

120 

171.8 

0.0132 

0.240 

36.16 

90.15 

0.07180 

0.16495 

94.47 

0.17233 

98.84 

0.17939 

122 

176.2 

0.0132 

0.233 

36.66 

90.28 

0.07266 

0.16484 

94.63 

0.17224 

90.01 

0.17931 

124 

180.8 

0.0133 

0.227 

37.16 

90.40 

0.07352 

0.16473 

94.78 

0.17215 

99.18 

0.17922 

126 

185.4 

0.0133 

0.220 

37.67 

90.62 

0.07437 

0.16462 

94.94 

0.17206 

99.35 

0.17914 

128 

190.1 

0.0134 

0.214 

38.18 

90.64 

0.07522 

0.16460 

95.09 

0.17196 

99.53 

0.17906 

130 

104.9 

0.0134 

0.208 

38.69 

90.76 

0.07607 

0.16438 

95.25 

0.17186 

99.70 

0.17897 

132 

199.8 

0.0135 

0.202 

39.19 

90.86 

0.07691 

0.16425 

95.41 

0.17176 

99.87 

0.17889 

134 

204.8 

0.0135 

0.196 

39.70 

90.96 

0.07776 

0.16411 

95.56 

0.17166 

100.04 

0.17881 

136 

209.9 

0.0136 

0.191 

40.21 

91.06 

0.07868 

0.16306 

95.72 

0.17156 

100.22 

0.17873 

138 

215 0 

0.0137 

0.185 

40.72 

91.15 

0.07941 

0.16380 

95.87 

0.17145 

100.39 

0.17864 

140 

220 2 

0.0138 

0.180 

1 

41.24 

91.24 

0.08024 

0.16363 

96.03 

0.17134 

100.56 

0.17856 


t International (IT) Btu and pound maaa units; data are mainly from “Heating, Ventilating, Air 
Conditioning Guide,*' American Society of Heating and Ventilating Engineers, New York, 1969. 
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ELEMENTS OP THERMODYNAMICS 


Table B-15. Properties op Air at Atmospheric Pressure! 


t 

P 

lb,„ 

Cp 

Btu 

flm 

lb„. 

k 

Btu 

ft3 

Ib^ "F 

hr ft 

hr ft °F 

-64 

0.1003 

0.2402 

0.0348 

0.0114 

8 

0.0848 

0.2401 

0.0399 

0.0133 

80 

0.0735 

0.2404 

0.0447 

0.0152 

116 

0.0690 

0.2406 

0.0469 i 

0.0161 

152 

0.0648 

0.2409 

0.0491 

j 

0.0169 

188 

0.0012 

0.2412 

0.0512 

0.0178 

224 

0.0580 

0.2417 

0.0533 

0,0186 

200 

0.0551 

0.2422 

0.0553 

0.0194 

200 

0.0525 

0.2428 

0.0572 

! 0.0203 

3;i2 

0.0501 

0.2435 

0.0592 

0.0210 

368 

[ 0.0479 

0.2443 

0.0610 

0.0218 

404 

0.0459 

0.2451 

0.0628 

0.0220 

440 

0.0441 

0.2460 

0.0646 

0.0234 

512 

0.0408 

0.2479 

0.0681 

0.0248 

584 

0.0380 

0.2500 

0.0714 

0.0262 

650 

0.0355 

0.2522 

0 0740 

0.0270 

728 

0.0334 

0.2545 

0 0770 

0.0290 

800 

0.0315 

0.2568 

0.0806 

0.0303 

872 

0.0298 

0.2591 

0.0835 

0.0315 

944 

0.0282 

0.2613 

0.08G3 

0.0328 


t From Joseph Hilsenrath and others, Tables of Thermal Properties of Gases, 
Natl. Bur. Standards Circ. 504. 
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Table B-16. Properties of Ammonia! 


Specific enthalpy and entropy taken from '-40‘’F 


Bat. 

temp., 

op 

Abs. 

press., 

psia 

Volume, 

Specific 
enthalpy h, 
Btu /Ibm 

Entropy «, 
Btu/dbmX^F) 

100°F 

superheat 

200®F 

superheat 

Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 

h 

« 

h 

» 

-40 

10.41 

0.02322 

24.86 

0.0 

597.6 

0.0 

1.4242 

649.3 

1.5353 

700.9 

1.6261 

-30 

13.9 

0.02345 

18.97 

10.7 

601.4 

0.0250 

1.4001 

654.0 

1.5101 

706.0 

1.6000 

-20 

18.3 

0.02369 

14.68 

21.4 

605.0 

0.0497 

1.3774 

658.3 

1.4868 

710.7 

1.6760 

-10 

23.74 

0.02393 

11.5 

32.1 

608.5 

0.0738 

1.3558 

662.7 

1.4647 

715.6 

1.5631 

0 

30.42 

0.02419 

9.116 

42.9 

611.8 

0.0975 

1.3352 

666.8 

1.4439 

720.3 

1.6317 

2 

31.92 

0.02424 

8.714 

45.1 

612.4 

0.1022 

1.3312 

667.6 

1.4400 

721.2 

1.6277 

4 

33.47 

0.02430 

8.333 

47.2 

613.0 

0.1069 

1.3273 

668.4 

1.4360 

722.2 

1.5236 

5 

34.27 

0.02432 

8.150 

48.3 

613.3 

0.1092 

1.3253 

668.8 

1.4340 

722.6 

1.5216 

6 

35.09 

0.02435 

7.971 

49.4 

613.6 

0.1115 

1.3234 

669.3 

1.4321 

723.1 

1.6196 

8 

36.77 

0.02440 

7.629 

51.6 

614.3 

0.1162 

1.3195 

670.1 

1.4281 

724.1 

1.5155 

10 

38.51 

0.02446 

7.304 

53.8 

614.9 

0.1208 

1.3157 

670.9 

1.4242| 

725.0, 

1.6115 

12 

40.31 

0.02451 

6.996 

56)0 

615.5 

0.1254 

1.3118 

671.7 

1.4205 

725.9 

1.5077 


42.18 

0.Q2457 

6.703 

58.2 

616.1 

0.1300 

1.3081 

672.5 

1.4168' 

726.8 

1.6039 

16 

44.12 

0.02462 

6.425 

60.3 

616.6 

0.1346 

1.3043 

673.4 

1.4130! 

727.8 

1.5001 

18 

46.13 

0.02468 

6.161 

62.5 

617.2 

0.1392 

1.3006 

674.2 

1.4093 

728.7 

1.4963 

20 

48.21 

0.02474 

5.910 

64.7 

617.8 

0.1437 

1.2969 

675.0 

1.4056 

729.6 

1.4925 

22 

50.36 

0.02479 

5.671 

66.9 

618.3 

0.1483 

1.2933 

675.8 

1.4021 

730.5 

1.4889 

24 

52.59 

0.02485 

5.443 

69.1 

618.9 

0.1528 

1.2897 

676.6 

1.3985 

731.4 

1.4853 

26 

54.90 

0.02491 

5.227 

71.3 

619.4 

0.1573 

1.2861 

677.3 

1.3950 

732.4 

1.4816 

28 

57.28 

0.02497 

5.021 

73.5 

619.9 

0.1618 

1.2825 

678.1 

1.3914 

733.3 

1.4780 

30 

59.74 

0.02503 

4.825 

75.7 

620.5 

0.1663 

1.2790 

678.9 

1.3879 

734.2 

1.4744 

32 

62.29 

0.02508 

4.637 

77.9 

621.0 

0.1708 

1.2755 

679.7 

1.3846 

735.1 

1.4710 

34 

64.91 

0.02514 

4.459 

80.1 

621.5 

0.1753 

1.2721 

680.4 

1.3812 

736.0 

1.4676 

36 

67.63 

0.02521 

4.289 

82.3 

622.0 

0.1797 

1.2686 

681.2 

1.3779 

1 

736.8 

1.4643 

38 

70.43 

0.02527 

4.126 

84.6 

622.5 

0.1841 

1.2652 

681.9 

1.3745 

737.7 

1.4609 

39 

71.87 

0.02530 

4.048 

85.7 

622.7 

0.1863 

1.2635 

682.3 

1.3729 

738.2 

1.4592 

40 

73.32 

0.02533 

3.971 

86.8 

623.0 

0.1885 

1.2618 

682.7 

1.3712 

738.6 

1.4675 

41 

74.80 

0.02536 

3.897 

87.9 

623.2 

0.1908 

1.2602 

683.1 

1.3696 

739.0 

1.4559 

42 

76.31 

0.02539 

, 3.823 

89.0 

623.4 

0.1930 

1.2585 

683.4 

1.3680 

739.6 

1.4542 

44 

79.38 

0.02545 

3.682 

91.2 

623.9 

0.1974 

1.2552 

684.2 

1.3648 

740.4 

1.4510 

46 

82.55 

0.02551 

3.547 

93.5 

624.4 

0.2018 

1.2519 

684.9 

1.3616 

741.3 

1.4477 

48 

85.82 

0.02558 

3.418 

95.7 

624.8 

0.2062 

1.2486 

685.6 

1.3584 

742.2 

1.4446 

50 

89.19 

0.02564 

3.294 

97.9 

625.2 

0.2105 

1.2453 

686.4 

1.3552 

743.1 

1.4412 

52 

92.66 

0.02571 

3.176 

100.2 

625.7 

0.2149 

1.2421 

687.1 

1.3521 

744.0 

1.4382 

54 

96.23 

0.02577 

3.063 

102.4 

626.1 

0.2192 

1.2389 

687.8 

1.3491 

744.8 

1.4361 

56 

99.91 

0.02584 

2.954 

104.7 

626.5 

0.2236 

1.2357 

688.5 

1.3460 

745.7 

1.4321 

58 

103.7 

0.02590 

2.851 

106.9 

626.9 

0.2279 

1.2325 

689.2 

1.3430 

746.6 

1.4290 

60 

107.6 

0.02697 

2.751 

109.2 

627.8 

0.2322 

1.2294 

689.9 

1.3399 

747.4 

1.4260 

62 

111.6 

0.02604 

2.656 

111.5 

627.7 

0.2365 

1.2262 

690.6 

1.3870 

748.2 

1.4231 
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Table B-16. Properties of Ammonia! (Continued) 


specific enthalpy and entropy taken from — 40°F 


Sat. 

temp., 

op 

Aba. 

press., 

psia 

Volume, 

ft»/lb«. 

Specific 
enthalpy A, 
Btu/lbM 

Entropy «, 
Btu/(lb«)(“F) 

100«F 

superheat 

200°F 

superheat 

Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 

A 

« 

A 

» 

M 

115.7 

0.02611 

2.566 

113.7 

628.0 

0.2408 

1.2231 

691.3 

1.3341 

749.1 

1.4202 

06 

120.0 

0.02618 

2.477 

116.0 

628.4 

0.2451 

1.2201 

691.9 

1.8312 

749.9 

1.4172 

08 

124.3 

0.02625 

2.393 

118.3 

628.8 

; 0.2494 

1.2170 

692.6 

1.3283 

750.8 

1.4143 

70 

128.8 

0.02632 

2.312 

120.5 

629.1 

0.2537 

1.2140 

693.3 

1.8254 

751.6 

1.4114 

72 

133.4 

0.02639 

2.235 

122.8 

629.4 

0.2579 

1.2110 

694.0 

1.3226 

752.4 

1.4086 

74 

138.1 

0.02646 

2.161 

125.1 

629.8 

0.2622 

1.2080 

694.6 

1.3199 

753.3 

1.4059 

76 

143.0 

0.02653 

2.089 

127.4 

630.1 

0.2664 

1.2050 

695.3 

1.3171 

754.1 

1.4031 

78 

147.9 

0.02661 

2.021 

129.7 

630.4 

0.2706 

1.2020 

695.9 

1.3144 

755.0 

1.4004 

80 

163.0 

0.02668 

1.956 

132.0 

630.7 

0.2749 

1.1991 

696.6 

1.3116 

755.8 

1,3976 

82 

168.3 

0.02675 

1.892 

134.3 

631.0 

0.2791 

1.1962 

697.2 

1.3089 

756.6 

1.3949 

84 

163.7 

0.02684 

1.831 

136.6 

631.3 

0.2833 

1.1933 

697.8 

1.3063 

757.4 

1.8923 

86 

169.2 

0.02691 

1.772 

138.9 

631.5 

0.2875 

1.1904 

698.5 

1.3040 

758.3 

1.3896 

88 

174.8 

0.02699 

1.716 

141.2 

631.8 

0.2917 

I 1.1875 

699.1 

1.3010 

759.1 

1.3870 

00 

180.0 

0.02707 

1.661 

143.5 

632.0 

0.2958 

1.1846 

699.7 

1.2983 

759.9 

1.3843 

02 

186.6 

0.02716 

1.609 

145.8 

632.2 

0.3000 

1.1818 

700.3 

1.2957 

760.7 

1.3818 

04 

192.7 

0.02723 

1.659 

148.2 

632.5 

0.3041 

1.1789 

700.9 

1.2932 

761.5 

I 

1.3793 

96 

198.0 

0.02731 

1.610 

150.5 

! 632.6 

0.3083 

1.1761 

701.5 

1.2906 

762.2 

1 3768 

98 

205.3 

0.02739 

1.464 

162.9 

632.9 

0.3125 

1.1733 

702.1 

1.2881 

763.0 

1.3743 

100 

211.9 

0.02747 

1.419 

155.2 

633.0 

0.3166 

1.1705 

702.7 

1.2855 

763.8 

1.3718 

102 

218.6 

0.02756 

1.375 

157.6 

633.2 

0.3207 

1.1677 

703.3 

1.2830 

764.6 

1.3693 

104 

225.4 

0.02764 

1.334 

159.9 

633 4 

0.3248 

1.1649 

703.8 

1.2805 

765.3 

1.3668 

100 

232.5 

0.02773 

1.293 

162.3 

633.5 

0.3289 

1.1621 

704.3 

1.2780 

766.1 

1.3643 

108 

239.7 

0.02782 

1.254 

164.6 

633.6 

0.3330 

1.1593 

705.0 

1.2755 

766.9 

1.3619 

110 

247.0 

0.02790 

1.217 

167.0 

633.7 

0.3372 

1.1566 

705.5 

1.2731 

767.6 

1.3596 

112 

254.5 

0.02799 

1.180 

169.4 

633.8 

0.3413 

1.1538 

706.1 

1.2708 

768.3 

1.3573 

114 

262.2 

0.02808 

1.145 

171.8 

633.9 

0.3453 

1.1510 

706.6 

1.2684 

769.1 

1.3550 

110 

270.1 

0.02817 

1.112 

174.2 

634.0 

0.3495 

1.1483 

707.2 

1.2661 

769.8 

1 3527 

118 

278.2 

0.02827 

1.079 

176.6 

634.0 

0.3535 

1.1455 

707.7 

1,2636 

770.5 

1.3503 

120 

286.4 

0.02836 

1.047 

179.0 

634.0 

0.3576 

1.1427 

708.2 

1.2612 

1 771.3 

1.3479 

122 

294.8 

0.02846 

1.017 

181.4 

634.0 

0.3618 

1.1400 

708.6 

1.2587 

772.0 

1.3456 

124 

803.4 

0.02865 

0.987 

183.9 

634.0 

0.3659 

1.1372 

709,1 

1.2563 

772.8 

1.3431 

126 

312.2 

0.02865 

0.958 

186.3 1 

633.9 

0.3700 

1.1344 

709.6 

1.2538 

773.5 

1.3407 

128 

321.2 

0.02876 

0.931 

188.8 

633.9 

0.3741 

1.1316 

710.0 

1.2513 

774.2 

1.3383 


t Data are mainly from ‘‘Heating, Ventilating, Air Conditioning Guide,” American Society of 
Heating and Ventilating Engineers, New York, 1047. 
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Table B-17. Isentropic Flow 
(Ideal gas, k — 1.4) 


M 

V 

V* 

A 

A* 

p. 

po 

P_ 

Po 

T 

To 

F 

F* 

0.00 

0.000 

00 

1.000 

1.000 

1.000 

00 

0.05 

0.0548 

11.6 

0.998 

0.999 

0.999 

9.16 

0.10 

0.109 

5.82 

0.993 

0.995 

0.998 

4.62 

0.15 

0.164 

3.91 

0.984 

0.989 

i 0.996 

3.13 

0.20 

0.218 

2.96 

0.972 

0.980 

I 0.992 

2.40 

0.25 

0.272 

2.40 

0.957 

0.969 

0.988 

1.97 

0.30 

0.326 

2.04 

0.939 

0.956 

0.982 

1.70 

0.40 1 

0.431 1 

1.59 

0.896 

0.924 

0.969 

1.37 

0.50 

0.535 

1.34 

0.843 

0.885 

0.952 

1.20 

0.60 

0.635 

1.19 

0.784 

0.840 

0.933 

1.10 

0.70 

0.732 

1 09 

0.721 

0.792 

0.911 

1.05 

0.80 

0.825 

1.04 

0.656 

0.740 

0.887 

1.02 

0.90 

0.915 

1.01 

0.591 

0.687 

1 0.861 

1.00 + 

1.00 

1.00 

1.00 

0.528 

0.634 

0.833 

1.00 

1.10 

1.08 

1.01 

0.468 

0.582 

0.805 

1.00 + 

1.20 

1.16 

1.03 

0.412 

0.531 

0.776 

1.01 

1.30 

1.23 

1.07 

0.361 

0.483 

0.747 

1.02 

1.40 

1.30 

1.11 

0.314 

0.437 

0.718 

1.03 

1.50 

1.36 

1.18 

0.272 

0.395 

0.690 

1.05 

1.60 

1.43 

1.25 

0.235 

0.356 

0.661 

1.06 

1.70 

1.48 

1.34 

0.203 

0.320 

0.634 

1.08 

1.80 

1.54 

1.44 

0.174 

0.287 

0.607 

1.09 

1.90 

1.59 

1.56 

0.149 

0.257 

0.581 

1.11 

2.00 

1.63 

1.69 

0.128 

0.230 

0.556 

1.12 

2.10 

1.68 

1.84 

0.109 

0.206 

0.531 

1.14 

2.20 

1 .72 

2.00 

0.0935 

0.184 

0.508 

1.15 

2.30 

1.76 

2.19 

0.0800 

0.165 

0.486 

1.16 

2.40 

1.79 

2.40 

0.0684 

0.147 

0.465 

1.18 

2.50 

1.83 

2.64 

0.0585 

0.132 

0.444 

1.19 

2.60 

1.86 

2.90 

0.0501 ! 

0.118 

0.425 

1.20 

2.70 

1.89 

3.18 

0.0429 

0.106 

0.407 

1.21 

2.80 

1 .91 

3.50 

0.0368 

0.0946 

0.389 

1.22 

2.90 

1.94 

3.85 

0.0316 

0.0849 

0.373 

1.23 

3.00 

1.96 

4.23 

0.0272 

0.0762 

0.357 

1.24 

3.50 

2.06 

6.79 

0.0131 

0.0452 

0.290 

1.27 

4.00 

2.14 

10.7 

0.00658 

0.0277 

0.238 

1.30 

4.50 

2.19 

16.6 

0.00346 

0.0174 

0.198 

1.32 

5.00 

2.24 

25.0 

0.00189 

0.0113 

0.167 

1.34 

6.00 

2.30 

53.2 

633(10-«) 

0.00519 

0.122 

1.37 

7.00 

2.33 

104 

242(10~«) 

0.00261 

0.0926 

1.38 

8.00 

2.36 

190 

102(10-«) 

0.00141 

0.0725 

1.39 

9.00 

2.38 

327 

474(10-7) 

0.000815 

0.0581 

1.40 

10.00 

2.39 

536 

236(10-7) 

0.000495 

0.0476 

1.40 

00 

2.45 

00 

0 

0 

0 

1.43 
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Table B-18. Fanno Flow 
(Ideal gas, k =* 1 . 4 ) 


M 

T 

T* 

JL 

P* 

Po 

Po* 

V p* 
V* p 

F 

F* 

^ fLtnttx 

D~ 

0.00 

1.20 

00 

00 

0 

OO 

00 

0.05 

1.20 

21.9 

11.6 

0.0548 

9.16 

280 

0.10 

1.20 

10.9 

5.82 

0.109 

4.62 

66.9 

0.15 

1.19 

7.29 

3.91 

0.164 

3.13 

27.9 

0.20 

1.19 

5.46 

2.96 

0.218 

2.40 

14.5 

0.25 

1.19 

4.35 

2.40 

0.272 

1.97 

8.48 

0.30 

1.18 

3.62 

2.04 

0.326 

1.70 i 

5.30 

0.40 

1.16 

2.70 

1.59 

0.431 

1 .37 

2.31 

0.50 

1.14 

2.14 

1 .34 

0.535 

1.20 

1 .07 

0.00 

1.12 

1.76 

1.19 

0.635 

1.10 

0.491 

0.70 

1.09 

1.49 

1 09 

0.732 

1.05 

0.208 

0.80 

1.06 

1 .29 

1.04 

0.825 

1 .02 

0.0723 

0.90 

1.03 

1.13 

1 .01 

0.915 

1 .00 + 

0.0145 

1.00 

1 .00 

1 .00 

1 .00 

1.00 

1.00 

0.000 

1.10 

0.966 

0.894 

l.Ol 

1.08 

1 .00 + 

0.00993 

1.20 

0.932 

0.804 

1 03 

1.16 

1 .01 

0.0336 

1.30 

0.897 

0.728 

1.07 

1 .23 

1 .02 

0.0048 

1.40 

0.862 

0.6C3 

1.11 

1 .30 

1 .03 

0.0997 

1.50 

0.828 

0.606 

1.18 

1.36 

1.05 

0.136 

1.60 

0.794 i 

0.557 

1.25 

1.42 

1.06 

0,172 

1.70 

0.760 ! 

0.513 

1.34 

1 .48 

1 .08 

0.208 

1.80 

0.728 

0.474 

1 .44 

1 .54 

1.09 

0.242 

1 .90 

0.697 

0.439 

1 .56 

1.59 

1.11 

0.274 

2.00 

0.667 

0.408 

1.69 

1 .63 

1.12 

0.305 

2.10 

0.638 

0.380 

1.84 

1.68 

1 14 

0.334 

2.20 

0.610 

0.355 

2.00 

1 .72 

1.15 

0.361 

2.30 

0.583 

0.332 

2.19 

1.76 

1.16 

0.386 

2.40 

0.558 

0.311 

2.40 

1.79 

1.18 

0.410 

2.50 

0.533 

0.292 

2.64 

1 .83 

1.19 

0.432 

2.60 

0.510 

0.275 

2.90 

1 .86 

1 1.20 

0.453 

2.70 

0.488 

0.259 

3.18 

1 .89 

! 1.21 

1 0.472 

2.80 

0.467 

0.244 

! 3.50 

1 .91 

1.22 

0.490 

2.90 

0.447 

0.231 

3.85 

1 .94 

1 1.23 

0.507 

3.00 

0.429 

0.218 

4.23 

1 .96 

' 1.24 

0.522 

3.50 

0.348 

0.168 

1 6 79 

2.06 

1.27 

0.586 

4.00 

0.286 

0.134 

! 10.7 

2.14 

1.30 

0.633 

4.50 

0.238 

0.108 

16.6 

2.19 

1.32 

0.668 

5.00 

0.200 

0.0894 

25.0 

2.24 

1.34 

0.694 

6.00 

0.146 

0.0638 

53.2 

2.30 

1 .37 

0.730 

7.00 

O.lll 

0.0476 

104 

2.33 

1.38 

0.753 

1 

8.00 

0.0870 

0.0369 

190 

2.36 

1.39 

0.768 

9.00 

0.0698 

0.0293 

327 

2.38 

1 .40 

0.779 

10.00 

0.0571 

0.0239 

536 

2.39 

1.40 

0.787 

00 

0.00 

0.00 

00 

2 45 

1 .43 

0.822 
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Table B-19. Normal Shock Relationships 
(Ideal gas, k ■« 1.4) 


M. 

My 

Vv 

Pr 

Pv 

Px 

T, 

r. 

Pov 

PQx 

Pov 

p» 

1.00 

1.000 

1.00 

1.00 

1.00 

1.00 

1.89 

1.05 

0.953 

1.12 

1.08 

1.03 

1.00- 

2.01 

1.10 

0.912 

1.24 

1.17 

1.06 

0.999 

2.13 

1.15 

0.875 

1.38 

1.25 

1.10 

0.997 

2.27 

1.20 

0.842 

1.51 

1 1.34 

1.13 

0.993 

2.41 

1.25 

0.813 

1.66 

1.43 

1.16 

0.987 

2.56 

1.30 

0.786 

1.80 

1.52 

1.19 

0.979 

2.71 

1.40 

0.740 

2.12 

1.69 

1.25 

1 0.958 

3.05 

] .50 

0.701 

2.46 

1.86 

1.32 

0.930 

3.41 

1.60 

0.668 

2.82 

2.03 

1,39 

0.895 

3.80 

1.70 

0.641 

3.20 

2.20 

1.46 

0.856 

4.22 

1.80 

0.616 

3.61 

2.36 

1.53 

0.813 

4.67 

1 .90 

0.596 

4.04 

2.52 

1.61 

0.767 

5.14 

2.00 

0.577 

4.50 

2.67 

1.69 

0.721 

5.64 

2.10 

0.561 

4.98 

2.81 

1.77 

0.674 

6.17 

2.20 

0.547 

5.48 

2.95 

1.86 

I 0.628 

6.72 

2.30 

0.534 

6.00 

3.08 

1.95 

! 0.583 

7.29 

2.40 

0.523 

6.55 

3.21 

2.04 

0.540 

7.90 

2.50 

0.513 

7.12 

3.33 

2.14 

0.499 

8.53 

2.60 

0.504 1 

7.72 

3.45 

2.24 

0.460 

9.18 

2.70 

0.496 

8.34 

3.56 

2.34 

0.424 

9.86 

2.80 

0.488 

8.98 

3.66 

2.45 

0.389 

10.6 

2.90 

0.481 

9.64 

3.76 

2.56 

0.358 

11.3 

3.00 

0.475 

10.3 

3.86 

2.68 

0.328 

12.1 

3.50 

0.451 

14.1 

4.26 

3.31 

0.213 

16.2 

4.00 

0.435 

18.5 

4.57 

4.05 

0.139 

21.1 

4.50 

0.424 

23.5 

4.81 

4.88 

0.0917 

26.5 

5.00 

0.415 

29.0 

5.(K) 

5.80 

0.0617 

32.7 

6.00 

0.404 

41.8 

5.27 

7.94 

0.0296 

46.8 

7.00 

0.397 

57.0 

5.44 

10.5 

0.0153 

63.6 

8.00 

0.393 

74.5 i 

5.57 

13.4 

0.00849 

82.9 

9.00 

0.390 

94.3 

5.65 

16.7 

0.00496 

105 

10.00 

0.388 

116 

5.71 

20.4 

0.00304 

129 

00 

0.378 

00 

6.00 

00 

0 

00 
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Temperoture, ®F 

Fig. B-1. The effect of temperature on Cy, Cv, and k of dry air at various pressures. {F. 0. EUenwoody N. Kulik, and 
N. R. Gay, The Specific Heats of Certain Gases over Wide Ranges of Pressures and Temperatures, Cornell Univ. Bull, 30, 
October, 1942.) 










Fig. B-2. The effect of temperature on Cp of various gases at various pressures, (o) Carbon monoxide; (6) hydrogen; (c) 
carbon dioxide; (d) methane. (F. 0. Ellenwoodf N. Kvlik^ and N, R, Gay^ The Specific Heate of Certain Gases over Wide 
Ranges of Pressures and Temperatures^ Cornell Univ. Bull. 30, October^ 1942.) 
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Reduced pressure 

Fig. B-8. Nelson-Obert generalized compressibility chart (low-pressure region). 
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Ablation cooling, 374 
Absolute energy, 20, 53 
Absolute entropy, 135, 513 
Absolute pressure, 10 
Absolute temperature, 37n., 105 
Absolute velocity, 17, 20 
Absolute zero, 34, 105 
Absorber, 356 

Absorption refrigeration, 356 
Absorptivity, 401 
table of, 410 

Acceleration of gravity, 2, 494 
Acoustic velocity, 221, 484 
Adams, M., 3S9n. 

Adiabatic mixing, 198, 266 
Adiabatic process, 30, 51 
Adiabatic saturation, 260 
Adiabatic wall temperature, 396 
Aerodynamic heating, 373, 396 
Air, adiabatic saturation of, 260 
composition of, 255 
free, 328 

tables and charts of properties, 255, 
297, 497, 504-508, 522, Fig. B-5 
{following 523) 

Air compressors, 70-73, 330-333 
Air conditioning, 255-271 
Air ejector, 242 
Air-fuel ratio, 298 
Air injection, diesel, 327 
Air preheater, 293 
Air tables, 189, 507, 508, 516 
Allen, J., 137 
Amagat’s law, 193 
Ammonia, properties of, 517-618 
as refrigerant, 354 
Analysis, gravimetric, ultimate, or 
volumetric, 194 
Anderson, J., 445 
Annular heat exchanger, 392 


Arithmetic mean temperature difference, 
425 

Athodyd, 339 

Atmosphere, standard, 10, 495 
Aurel-.8, M., 318 
Availability, 210-213 
of heat, 116 

Available energy, definition of, 83, 

118 

loss of, 134 


Beardsley, M., 497 
Beattie, J., 173, 178, 506 
Beattie-Bridgeman equation, 172 
constants for, 606 
Benedict, M., 173 
Bernoulli’s equation, 236 
Binary-vapor system, 289 
Biot, J., 370 
Biot number, 452 
Bird, R., 178, 385n., 477 
Birmingham wire gauge, 498 
Bjorklund, I., 445 
Black body, 401 
Boiler, 69 
Boiling, 372, 460 
Boltzmann, L., 372, 404 
Bond, J., 374n. 

Boundary of system, 22 
Boundary layer, 384-387, 420 
Bowman, R., 427 
Boyle isotherm, 161 
Bray ton cycle, 322, 341 
Bridgeman, O., 178, 506 
Bridgman, P., 12, 32, 97, 123, 140 
British thermal unit (IT Btu), 19, 
495 

Bromley, L., 376 
Bronsted, J., 32, 97 
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Buehler, R., 179 
Bulk temperature, 392 
Burgess, G., 47In. 


Calculus, elements of, 487-492 
Calorimeter, for heating values, 53-55, 
305-308 
throttling, 152 
Capacity, compressor, 328 
Carbon dioxide, Fig. B-3 {following 523) 
as refrigerant, 354 
Carnot, S., 100, 101 
Carnot cycle, 101, 273 
gas, 318 

vapor power, 273 
Carnot heat pump, 102, 346 
Carrier, W., 272 
Celsius temperature scale, 37 
Centigrade scale (Celsius), 37 
Chang, C., 169, 172, 173 
Chemical equations, balancing of, 
296-300 

Chemical equilibrium, 310 
constants for. Fig. B-7 {preceding 525) 
Chemical potential, 127 
Cherne, U., 272 
Clausius’ inequality, 116 
Clemence, G., 12 
Closed system, 23 
Coal, 299 

Coefficient, of discharge, 232 

of performance, of heat pump, 57, 360 
in refrigeration, 57, 345 
of thermal expansion, 392* 
of velocity, 231 

Combined surface coefficient, 373 
Combustion, 296-314 
availability from, 131 
chemical equations for, 296-298 
of coal, 299 
in diesel engine, 327 
heat of, 305, 509 
methods of analysis, 302-305 
in Otto engine, 325 
products of, 300 
reversible process of, 311 
temperature of, 309-310 
Combustion engine, 318-329 
efficiency of, 319 
Comings, E., 12 


Components, 24, 142 
Compressibility charts, 166, 525 
Compressibility factors, 165, 525 
Compression, comparison of processes for, 
73, 187 

Compression efficiency, 212 
Compression ignition engine (diesel 
engine), 326 
Compression ratio, 187 
Compression shock, 230, 247-248 
Compressors, capacity of, 328, 350 
centrifugal, 71 
clearance, 71 

conventional card for, 330 
displacement of, 328 
double-acting, 71 
indi(5ator diagrams, 330 
intercooler for, 331 
mechanical efficiency of, 329 
multistage, 331 
reciprocating-piston, 71, 330 
steam-jet, 242 
volumetric efficiency of, 328 
conventional, 330 
Condensation, 372, 422, 458-460 
Condenser, surface, 76, 275 
Conductance, over-all {see Over-all coeffi¬ 
cient of heat transfer) 

Conduction, 15, 22. 369. 378-384, 446-456 
g eneral equation of, 370, 4^ 
wffii internal hea!t gtmeration, 435- 437 
resistance concept, 382-384 
steady-state, 378-382 
unsteady-state, 446-456 
Conductivity {see Thermal conductivity) 
Conservation of energy, 45 
Constants, Beattie-Bridgeman, 506 
Benedict-Webb-Rubin, 506 
critical, 505 

equilibrium. Fig. B-7 {preceding 525) 
physical, 498 
specific gas, 504 
universal gas, 506 
van der Waals, 506 
Constituents, 24 
Continuity equations, 66 
Control volume, 60 

Convection, 22, 371, 384-399, 458-462 
evaporation and condensation, 458-462 
forced, 372 
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Conv(^ction, formulas for, 392-396, 459, 
460 

natural or free, 371 
Convection coefficient, calculation of, 
384-392 

definition of, 371 
formulas for, 392-396, 459, 460 
representative values of, 371 
Conventional indicator card, 330 
Converp;ent nozzle, 225 
Conversion factors, 494-496 
Cooling tower, 270 
Corresponding states, 175, 177 
Counterfiow (countercurrent), 423 
Courant, R., 493 
Critical constants, 505 
Critical point, 141 
Critical-radius concept, 457-458 
Crossflow, 426 
Cunningham, R., 253 
Curtiss, C., 178 
Cycle, air-standard, 318-323 
binary-vapor, 289 
Bray ton (Joule), 322, 341 
Carnot, 101 
gas, 318 

refrigeration, 346 
vapor, 273 
definition of, 55 
Diesel, 322 
extraction, 284 
heat rate for, 291 
mechanical, 55n. 
mercury-vapor, 289 
Otto, 321 
power, 56 
Rankine, 275 
refrigeration, 57, 348 
regenerative, 283 
reheat, 282 
steam, 77, 273-293 
Stirling, 323 
thermal efficiency of, 57 
thermodynamic, definition of, 55 
vapor-compression, 348 


Dalton’s law, 192 
Darken, L., 97 
Dead state, 83, 210 
Degree of saturation, 257 


Deissler, R., 386n. 

Denbigh, K., 123 
Density, 9 
Density values, 498 
Detonation, 327 
in Otto engine, 326 
Dew point, 255 

Dichlorodifluoromethane, 354, 514-515 
Diesel, R., 319 
Diesel cycle, 322 

comparison with Otto cycle, 322 
Diesel engine, 326 
Dieterici equation, 169 
Differential, definitions, 490 
Diffuser, 87, 227 

Dimensional analysis, 390-392, 481-483 
Dimensionless numbers, 390, 482 
Dimensions, 1-12 
Displacement, compressor, 328 
piston, 92 
Dissociation, 313 
Dodge, B., 158, 178 
Drake, R., 395n., 442, 477 
Dry-bulb temperature, 256 


Eckert, E., 395n., 442, 477 
Economizer, 293 
Effectiveness, 211 
Efficiency, combustion engine, 319 
compression, 212 
expansion, 212 
fin, 441 
furnace, 131 
heat exchanger, 336 
mechanical, 329 
nozzle, 231 
over-all, 279 

pump (compression), 212 
regenerator, 336 
relative, 347 
thermal (cycle), 57 
volumetric, 328 

Efficiency chart for circular fins, 442 
Einstein, A., 20, 101, 145 
Ejectors, 241 

Electric analogy for heat transfer, 
382-384, 462-467 
Electrical energy, 30, 94, 479 
Electromagnetic spectrum, 401 
Ellen wood, F., 522 
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Emf (electromotive force), 94, 481 
Emissive power, monochromatic, 403 
Emissivity, 406 

monochromatic, 407 
tables of, 409, 410 
Emmons, H., 59 
Energy, absolute, 20, 53 
available (see Available energy) 
definition of, 15 
electrical, 30, 94, 479 
internal, 16 
kinetic, 17 

law of conservation of, 45 
potential, 17 
units for, 19, 495 
Energy balances, 48, 64, 259 
Enthalpy, definition of, 28 
of formation, 129 
of ideal gas, 40 
stagnation, 221 
Entropy, absolute, 135, 513 
definition of, 107, 108 
principle of increase of, 113 
Equations, Bernoulli, 236 
continuity, 66 
Euler, 226 
hydraulic, 236 
of state, 29 
Beattie, 173 
Beattie-Bridgeman, 172 
Benedict-Webb-Rubin, 173 
Berthelot, 170 
Buehler, 174 
constants for, 506 
Dieterici, 169 
generalized, 168, 175 
ideal gas, 38 
Martin-Hou, 174 
Onnes, 170 
plasma, 175 

van der Waals, 162, 168 
Equilibrium, 25 
chemical, 311 
mechanical, 24 
metastable, 25, 138 
thermal, 16 
thermodynamic, 24 
Equilibrium box, 311 
Equilibrium constants, 313, Fig. B-7 (pre¬ 
ceding 525) 

Equilibrium (phase) diagram, 141 


Equivalent diameter, 215, 391, 392 
Equivalent surface coefficient for 
radiation, 373 
Euler equation, 226 
Evaporation, 422, 460-462 
Evaporative cooling, 269 
Expansion efficiency, 212 
Expansion ratio, 187 
Extended surfaces, 437-446 
Extent of reaction, 311 
Extraction turbine, 284 


Fahrenheit scale, 38 
Fanno flow, 245 
table, 520 
Farber, E., 461 
Filling process, nonsteady, 78 
Film temperature, 393 
Fin efficiency, 441 

Fins, finned surfaces (extended surfaces) 
437-446 

First Law of Thermodynamics, 45 

Flame temperature, 309, 310 

Flash chamber, 354 

Flow energy, 63 

Flow nozzle, 237 

Flow work, 63 

Foote, P., 471n. 

Fouling factors, 421 
Fourier, J., 370 
Fourier number, 454, 456 
Fourier’s heat-conduction equation, 370 
Fowler, R., 137 
Free air, 328 
Free convection, 371 
Free energies of formation, 513 
Free-molecule flow, 389 
Freons, 354, 514-515 
Friction, definition of, 51, 116, 213 
mechanical, 213-217 
Friction factor, 216 
Fuel-air ratio, 298 
Fuel cell, 134 

Function, definition of, 487 
Furnace efficiency, 131 
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Galvanic cell, 95, 134 
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Gas analyzer, 300 
Gas calorimeter, 306 
Gas constant, specific, 39, 504 
universal, 37, 506 
Gas thermometer, 35 
Gas turbines, 333-338 
Gases, compressibility factors for, 166, 
525 

constants for, 504, 506 
equation of state for (see Equations) 
heat capacities of (see Heat capacity) 
ideal, 37, 38 

internal energy of (see Internal energy) 
perfect (ideal), 37, 38 
Gay, N., 522 

Generalized compressibility factors, 166, 
525 

L-Gtbbs, J., 142 

Gibbs free energy, 124 
Giedt, W., 388n., 394n., 477 
Glasstone, S., 178 
Goethe, J., 345 
Grant, W., 272 
Grashof number, 390 
Gravimetric analysis, 194 
Gray body, 406 
Grease, 11 

Guggenheim, E., 97, 137 
Gyorog, D., 254 


Hall, N, 254 
Hamilton, D., 413n. 

Harrison, T., 467n. 

Head, 236 

Heat, availability of, 116-118 
of combustion, 305, 509 
conduction of, 15, 22, 369, 378-384, 
446-456 

convection of, 22, 371, 384-399 
458-462 
definition of, 30 
of formation, 129, 513 
of fusion, 498 

mechanical equivalent of, 20 
of reaction, 128-130 
Heat capacity (specific heat), definition 
of, 28 

effect of temperature and pressure on, 
522, 523 

empirical equations for, 497 
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Heat capacity (specific heat), humid, 262 
mean values of, 498 
poly tropic, 183 

Heat exchangers, closed, 286, 422-428 
finned-tube, 442 
open,. 286 

typical, description of, 392, 426, 438 
Heat generation, 435-437 
Heat pump, 57, 102, 359-364 
Heat rates, 291 
Heat transfer, 367-477 
combined modes of, 373-374 
electric analogy for, 382-384, 462-467 
introduction to, 367 
Heating value, calorimeters for, 53-55, 
305-308 
of fuels, 509 
higher and lower, 307 
Heisler, M., 454 
Helmholtz free energy, 124 
Herzfeld, W., 493 
Heterogeneous system, 24 
High-velocity heat transfer, 373, 395- 
396, 418 

Higher heating value, 307 
Hilsenrath, J., 179 
Hirschfelder, J., 178 
Homogeneous system, 24 
Hottel, H., 238, 372, 409/i., 410n., 412, 
413n., 414-416, 418, 465 
Hou, Y., 179 

hs diagram (see Mollier diagram) 

Hugo, V., 273 
Humidity, relative, 256 
specific, 256 
Humidity ratio, 256 
Hunsaker, J., 419n. 

Hutcheon, I., 440n. 

Huxley, T., 47 

Hydraulic diameter, 215, 391, 392 
Hydrodynamic (velocity) boundary 
layer, 386 
Hygrometry, 263 


Ice point, 34 

Ideal fluid, definition of, 11 
for Rankine cycle, 281 
for vapor-compression cycle, 353 
Ideal gas, definition of, 38 
temperature scale, 37 
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Ideal reduced volume, 167 
Ideal state, 38, 159 
Impact pressure, 239 
Independent property, 27 
Indicated horsepower, 93 
Indicated mean effective pressure, 92, 328 
Indicator diagrams, 91, 92, 325, 327, 330 
Indicator engine, 91 
Injectors, 242 
Insulation, 378 
Intensity of radiation, 405 
Intensive property, 27 
Intercooler, 331 
Internal energy, 18 
definition of, 16 
of gas mixtures, 196 
of ideal gas, 40, 508 
International electrical units, 20 
International Steam Table (IT) units, 19, 
495 

Irradiation, 463 

Irreversibility, evaluation of, 211 
external and internal, 87 
from mixing, 198 

Irreversible process, 86, 89, 112, 185 
and / p dv, 88 
on pv diagram, 213 
and fT ds, 119 
on Ts diagram, 214 
Isentropic flow, 243 
table, 519 

Isen tropic process. 111 
for mixtures, 197, 199 
with variable heat capacity, 188-189 
Isolated system, 23 
IT Btu, 19 
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Jakob, M., 387, 389n., 395n., 465, 477 

Jeans, J., 475 

Jennings, B., 344 

Jet engines, 339-342 

Jet pumps, 241 

Joffe, A., 97 

Jost, W., 317 

Joule cycle, 322 

Joule’s equivalent, 20 

Joule’s experiment, 39 

Joule’s law, 40 

Joule-Thomson expansion, 70 


k values, 504, 522 
Kalitinsky, A., 238 
Kamerlingh Onnes, H., 167, 170 
Katz, D., 386, 477 
Kaufman, S., 394w. 

Kays, W., 426w., 445, 477 
Kayser, R., 493 

Keenan, J., 59, 123, 158, 208, 217, 320, 
499, 507 

Kelvin temperature scale, 37, 104 
Kennard, E., 404n, 

Keyes, F., 499 
Kinetic energy, 17 
King, W., 433 
Kirchhoff, G., 401, 407, 406 
Kirchhoff’s law, 407 
Kittel, C., 377n. 

Klein, M., 179 
Knudsen, J., 386, 477 
Knudsen number, 389 
Kobe, K., 497 
Kreith, F., 445, 477 
Kulik, N., 522 
Kurti, N., 137 


Lambert, J., 405 
Lambert’s cosine law, 405 
Laminar flow, 10, 385, 483 
sublayer, 385-387 
Lauritsen, T., 404w. 

Law, of (iorresponding states, 175 
of Thermodynamics, First, 45 
Second, 99 
Third, 134 
Zeroth, 16, 34 
Leduc’s law, 193 
Lee, J., 158 
Lees, L., 374n. 

Lestz, S., viii 
Lewis, B., 317 
Lewis, C., viii 
Lewis, G., 97, 123 
Lichty, L., 317, 508 
Lightfoot, E., 385n., 477 
Linde process, 359 
Lindsay, A., 376 

Logarithmic-mean temperature differ¬ 
ence, 422-426 
London, A., 426n., 477 
Lorentz-Fitzgerald equation, 21 
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Lower (net) heating value, 307 
Lubarsky, B., 394n. 

Ludovici, B., 493 


McAdams, W., 220, 392n., 394w., 423n., 
452, 459n., 477 
MacDougall, F., 97 
McGee, H., 179 
Mach number, 486 

effect on high-speed heat transfer, 395 
Mann, H , 15 
Marks, L., 41 On., 413n. 

Martin, J., 179 
Mass, 2, 495 
rest, 21 

Maximum work, 131-134 

Maxwell equations, 125, 145 

Mean effective pressure, 92, 328 

Mean free path, 388 

Mean piston speed, 329 

Mean temperature difference, 422-426 

Mechanical cycle, 55n. 

Mechanical efficiency, 329 
Mechanical equivalent of heat, 20 
Mendelssohn, K., 137 
Menger, K,, 59, 493 
Mercury, properties of, 503 
Mercury-vapor cycle, 289 
Metastable flow, 233 
Metastable state, 138 
Methyl chloride, 354, Fig. B-4 {following 
523) 

Miller, B., 386n. 

Mixing, adiabatic, 198, 266 
increase of entropy in, 198 
of multiple streams, 259 
reversible, 311 

Mixing cup or bulk temperature, 392 
Mixtures, of gas and vapor, 201 
isentropic process for, 199 
partial pressures in, 192 
properties of, 196 
Modulus of elasticity, 93 
Mole, 2 

Mole fraction, 191 
Molecular slip, 11 

Molecular weight, of mixture, 191, 297 
tables, 504, 505 

Mollier (hs) diagram for steam, 147, Fig. 
B-6 {'preceding 525) 


Momentum, 222, 249, 341 
Momentum transport, 385 
Moody, L., 220 
Morgan, W., 413n. 

Morrison, J., 32 
Mueller, A., 427 

Nagle, W., 427 
Newton, I., 371, 385 
Newtonian fluid, 11 
Newton’s law, 223 
Nonsteady-flow process, 78, 209 
Normal correction, 154 
Nozzle, acoustic velocity in, 226 
approximate velocity equations for, 236 
coefficient, of discharge, 232 
of velocity, 231 
condensation in, 233 
converging-diverging, 225 
critical throat pressure ratio, 226 
design of, 223 
efficiency of, 231 
energy equations for, 70 
flow, 237 

maximum discharge of, 229 
metastable flow in, 233 
minimum area of, 226 
pressure shock in, 230 
supersaturation in, 233 
throat of, 226 

variation of velocity, volume, and area 
in, 224 

velocity distribution in, 484 
Nusselt number, 390 

Oehring, C., viii 
One-dimensional flow, 60 
Onnes equation, 170 
Open system, 23 

Oppenheim, A., 389n., 418, 462n., 465 

Orifice, sharp-edged, 237 

Orsat analyzer, 300 

Osgood, W., 59, 493 

Otto’, J., 178 

Otto cycle, 321 

comparison with Diesel cycle, 322 
Otto engine, 324 

Over-all coefficient of heat transfer, 422 
values of, 424 
Over-all efficiency, 279 
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Parallel flow, 423 
Partial pressure, 192 
of vapor, 201-203 
Partial volumes, 192 
\Pauling, L., 20 
Penrod, E., 364, 366 
Perfect fluid, 11 
Perfect gas (ideal gas), 37, 38 
Perry, J., 409n., 424n., 496 
ph diagram for methyl chloride. Fig. B-4 
{following 523) 

Phase, 24 

Phase {Tp) diagram of water, 141 

Phase rule, 142 

Physical constants, 498 

Pipe sizes, 498 

Piston displacement, 92 

Pitot tube, 241 

Planck, M., 100, 123, 399, 403 
Planck’s constant, 399 
Plasma, 174 
Plastic, 11 

Pohlhausen, E., 395n. 

Poly tropic heat capacity, 183 
Poly tropic process, 39, 182 
Potential energy, 17 
Prandtl number, definition of, 390 
for gases, 392 
Pressure, absolute, 10 
critical, 141 
definition of, 10 
gauge, 10 
impact, 239 
mean effective, 92, 328 
partial, 192 
reduced, 165, 167 
relative, 189 
stagnation (total), 239 
units of, 495 
Pressure head, 236 
Pressure ratio, 186 

Pressure-specific-volume {pv) diagram, 88 
of ideal gas, 185 
of water, 144 

Pressure-specific-volume-temperature 
{pvT) surface, 139 

Pressure-volume diagram, 91, 325, 327, 
330 

Prevost law of exchanges, 400, 41On. 
Probstein, R., 389n. 


Process, definition of, 27 
isentropic. 111 
reversible adiabatic, 111 
Products of combustion, analysis of, 
300-301 

Properties, definition of, 15, 25- 28 
dependent, 27 
extensive, 26, 126 
fundamental, thermodynamic, 108 
independent, 27 
intensive, 26 
internal, 25 
mechanical, 26 
pseudocritical, 167 
reduced, 165, 167 
of refrigerants, 353 

{See also tables and charts of proper¬ 
ties in Appendix) 
thermostatic, 25 

Property data, absorptivity and emissiv- 
ity, 410 
emissivity, 409 
thermal conductivity, 375 
thermal diffusivity, 455 
Psychrometer, 263 
Psyclirometric chart, 265, Fig. B-5 
{following 523) 

Psy chrome try, 255-^271 
Pump, efficiency of, 212 
heat, 57, 102, 359-364 
Pure substance, 24 

pv diagram (see Pressure-specific-volume 
diagram) 
pvT surface, 139 
Pyrometers, 467-472 
optical, 467-470 
total radiation, 468-472 


Quality of two-phase mixture, 144 
Quantum theory, 399-400, 403 

Radiation, 15, 22, 372, 399-418 
emissive power of, 403 
emissivity of, 406-410 
in gases, 417-419 
Hottel factors for, 412-417 
instrumentation for measurement of, 
467-472 

intensity of, 405 
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Radiation, Kirchhoff^s law of, 407 
network analogy for, 462-467 
Planck’s law of, 403 
Rayleigh-Jeans law of, 475 
Stefan>Boltzmann law of, 404 
between surfaces, 410-417 
Wien’s law of, 404 
Radiosity, 463 
Ramjet, 339 
Randall, M., 97 
Rankine cycle, 275 
Rankine temperature scale, 38 
Rayleigh-Jeans law of radiation, 475 
Recovery factor, 238, 396 
Reduced properties, 165, 167 
Reflectivity, 401 

Refrigerants, comparison of, 352 
properties of, 353 

Refrigeration, absorption system, 356 
Carnot cycle for, 346 
coefficient of performance, 345 
ton of, 345 
vacuum, 354 

vapor-compression cycle, 348 
Regenerative cycle, 283 
Regenerator efficiency, 336 
Reheat cycle, 282 
Reid, R., 377, 477 
Relative efficiency, 347 
Relative humidity, 256 
Relative pressure, 189 
Relativity, 20 
Relaxation, 233 

Reversibility, definitions of, 84, 86 
external and internal, 87 
Reversible mixing process, 311 
Reversible processes, 83-96 
power, 131 

Reynolds, O., 388, 482 
Reynolds analogy, 388n. 

Reynolds number, 390, 482, 489 
Rice, F., 493 
Richtmyer, F., 404n. 

Roberts, J., 43, 158, 404n. 

Roberts, W., viii, 272 
Rocket, 250 
Rogers, W., 344 
Rohsenow, W., 419n. 

Romer, I., viii 
Roughness factor, 217 


Rubin, L., 173 
Rushbrooke, G., 123 


Sackur-Tetrode equation, 135 
Saturated liquid, 140 
Saturated vapor, 140 
Saimders, O., 445 
Schlichting, H., 387, 477 
Schmidt, E., 123 
Schneider, P., 442, 477 
Scorah, R., 461 
Sears, F., 123, 158 
Second Law of Thermodynamics, 99 
Sensible internal energy, 18 
Sherwood, T., 377, 477 
Shock, compression, or pressure, 247 
table, 521 

Sigma function, 263 
Simon, F., 137 
Sling psychrometer, 263 
Slip flow, 389 
Slug, 2, 495 
Snyder, N., 403n. 

Sonic state, 221 

Sonic velocity (acoustic velocity), 221, 
484 

Spalding, D., 440n. 

Spark ignition engine (Otto engine), 324 
Specific gas constant, 39, 504 
Specific gravity, 9 
Specific heat {see Heat capacity) 

Specific humidity, 256 
Specific volume, 9 
Specific weight, 9 
Spencer, H., 60 
Spink, L., 254 
Stagnation enthalpy, 221 
Stagnation pressure, 239 
Stagnation state, 221 
Stagnation temperature, 238 
Standard acceleration of gravity, 494 
Standard atmosphere, 10 
Standard state, 128 
Standard ton of refrigeration, 345 
Stanton number, 390 
State, corresponding, 175 
dead, 83, 210 
definition of, 26 
equations of {see Equations) 
metastable, 233 
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State, sonic, 221 
stable (equDibrium), 24 
stagnation, 221 
standard, 128 
steady, 27 

Steady flow, availability in, 210 
continuity equation for, 66 
definition of, 67, 68 
energy equations for, 67 
friction in, 214 
reversibility of, 86 
reversible work of, 89 
Steam, Mollier (hs) diagram for, 147, Fig. 

B-6 {preceding 525) 
phase (Tp) diagram for, 141 
properties of, 499-502 
pv diagram of, 144 
pvT surface for, 139 
quality of, 144 
Ts diagram for, 146 
Steam calorimeter, 152 
Steam condenser, 76, 275 
Steam cycles, 273-291 
Steam jet pump, 241 
Steam nozzle {see Nozzle) 

Steam point, 34 
Steam rate, 292 
Steam tables, 499-502 
Steam turbine, 74 
Stefan, J., 372, 404 
Stefan-Boltzmann law, 404 
Stewart, W., 385n., 477 
Stirling air engine, 323 
Stodola, A., 253 

Su Gouq-Jen, 167, 169, 172, 173, 177 
Subcooled liquid, 143 
Sublimation, 143 
Sumner, C., 209 
Superheated vapor, 143 
Supersaturation, 233 
Surface condenser, 76 
Surface temperature, 380, 393 
Surroundings, 23 
^utton, J., 179 
Sweigert, R., 497 
System, boundaries of, 22 
closed, 22, 47-57 
definition of, 22 
heterogeneous, 24 
homogeneous, 24 


System, isolated, 23 
open, 23, 60-80 


Tables and charts of properties, absolute 
entropy, 513 
air, 507, 516 
ammonia, 517-518 
carbon dioxide. Fig. B-3 {following 
523) 

compressibility factors, 166, 525 
critical constants, 505 
equilibrium constants. Fig. B-7 {pre¬ 
ceding 525) 

Fanno, 520 

free energy of formation, 513 
Freon F-12, 514-515 
gas constants, 504 
heat, of combustion, 509 
of formation, 513 
heat capacities, 497, 498, 522, 523 
internal energy, 508 
isentropic flow, 519 
mercury, 503 

methyl chloride. Fig. B-4 {following 
523) 

psychrometric chart. Fig. B-5 {preced¬ 
ing 525) 
shock, 521 

steam, 498-502, Fig. B-6 {preceding 
525) 

thermal conductivities, 510-512 
Temperature, absolute, 34, 37, 105 
adiabatic wall, 396 
arithmetic mean difference of, 425 
bulk, 392 
Celsius scale, 37 
centigrade scale, 37 
of combustion, 309-310 
conversion of scales, 494 
critical, 141 
definition of, 16 
dew point, 255 
dry-bulb, 256 
Fahrenheit scale, 38 
film, 393 
gas scale, 35 
ideal, 37 
gradient of, 370 
impact, 238 
Kelvin scale, 37, 104 
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Temperature, logarithmic-mean difference 
of, 422-426 
mixing cup, 392 
Rankine scale, 38 
stagnation (total), 238 
surface, 380, 393 
thermodynamic, 34, 103 
wet-bulb, 263 

Temperature entropy diagram, of ideal 
gas, 185 
of water, 146 

Temperature scales, 33-38 
Theoretical flame temperature, 309 
Thermal boundary layer, 387 
Thermal conductivities, 370, 510-512 
of gases, liquids, and solids, 374-378 
mean, 379 
theory of, 374-378 
units of, 374 

variation with temperature, 374 
Thermal efficiency, definition of, 57 
Thermal radiation (see Radiation) 
Thermal resistance, 382-384, 420-421, 
450-451 

Thermocouple time constant, 453 
Thermodynamic equilibrium, 24 
Thermometer, 33 
wet-bulb, 263 
Thermostatics, 13, 46 
Third Law of Thermodynamics, 134 
Thixotropic substances, 11 
Throttling calorimeter, 152 
Throttling process, 70, 359 
Thrust, 249, 340 
Ton of refrigeration, 345 
Total pressure, 239 
Total temperature, 238 
Tp diagram of water, 140 
Transmissivity, 401 
Triple point, 34, 37, 139 
diagram, 110 

for carbon dioxide. Fig. B-3 (following 
523) 

for ideal gas, 185 
for water, 146 
Tsien, H., 389n. 

Turbine, gas, 333-338 
gas or steam, 73 
regenerative, 335 
steam rate for, 292 
Turbulent flow, 384-386, 484 


Ultimate analysis, 194 
Units, 2-12, 479-481, 494-496 
International Steam Table (IT), 19, 
494 

Universal gas constant, 37 


Vacuum refrigeration, 354 
van der Waals equation, 162, 168 
constants for, 506 
van’t Hoff equilibrium box, 311 
Vapor-compression cycle of refrigeration, 
348 i;, 

Velocity, absolute, 17, 20 
acoustic, 221, 484 
coefficient of, 231 
relative, 75 

Velocity diagram for turbine, 75 
Velocity distribution in nozzle, 484 
Velocity head, 236 
Vena contracta, 237 
Venturi, 87, 237 
Vincent, E., 344 

Viscosity, conversion factors for, 496 
definition of, 10 
Volumetric analysis, 194 
Volumetric efficiency, 328 
conventional, 330 
Von Elbe, G., 317 
Von Logau, F., 83 


Water (see Steam^ 

Water injection, 337 
Webb, G., 173 
Weight, definition of, 6 
Wells, H., 296 
Westwater, J., 462n. 

Wet-bulb temperature, 263 
Weyzel, I., viii 
Wien, W., 404 

Wien^s displacement law, 404 
Wien’s law of radiation, 470 
Wire gauge, Birmingham, 498 
Woolley, H., 179 
Work, of closed system, 87 
convention of signs for, 31 
definition of, 30 
electrical, 30, 94 
flow, 63 
indicated, 91 
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Work ratio, 273 


Work, and /p 88 
maximum, 131-134 
mechanical, 30, 87 
net, 95 

of nonateady-flow system, 78, 209 
to pump liquid, 73 


shaft, 92 

f solid system, 93 
of steady-flow system, 89 


YeUott, J., 263 


Zemansky, M., 43, 97, 168 
Zero, absolute, 34, 106 
Zeroth Law, 16, 34 





